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ABSTRACT
Carbon nanomaterials have excited both academia and industry with their
extraordinary electronic, mechanical, optical, thermal, and chemical properties for
over forty years, providing opportunities for significant advances in fundamental and
applied science and leading to the development of disruptive technologies and
applications. While graphene and carbon nanotubes have been at the forefront of
research, a relatively new one-dimensional carbon allotrope, graphene nanoscrolls,
will likely play significant roles in future technologies. Graphene nanoscrolls have
structures similar to carbon nanotubes with a key difference in that they are not
seamless – there are exposed edges along their lengths. As such, they share many of
the electronic, mechanical, and thermal properties that have brought so much
interest to graphene and carbon nanotubes while offering their own unique features.
The current body of work on graphene nanoscrolls is sparse, with the
majority of presented research either being theoretical in nature or pertaining to the
synthesis of these nanostructures. This work provides some of the first experimental
work into the application of graphene nanoscrolls. New and promising synthesis
techniques were experimentally evaluated for scalability and throughput. Preferred
synthesis techniques were employed to create back-gated field-effect transistors that
utilize graphene nanoscrolls as the channel material. It was shown that
extraordinary current densities and room temperature ballistic transport over long
channel lengths are achievable. The field-effect transistors were further extended to
the application of radiation sensors by functionalizing the graphene nanoscroll
channel material with nanoparticles with high radiation interaction probabilities.

iii

iv
The developed radiation sensors are shown to be capable of detecting low levels of
X-ray, gamma, and neutron radiation with very small footprints and negligible
power consumption. Production of these devices are scalable and inexpensive.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
For over forty years, carbon nanomaterials have excited both academia and
industry with their extraordinary electronic, mechanical, optical, thermal, and
chemical properties. The many allotropes of carbon have provided opportunities for
significant advances in fundamental and applied science and has led to the
development of disruptive technologies and applications. Graphene and carbon
nanotubes (CNTs) have been at the forefront, and many efforts have been made to
apply these materials to electronics, sensors, energy storage [1],
micro/nanoelectromechanical systems [2], and biomedicine [3]. Relatively new to
the arena is another one-dimensional (1D) carbon nanostructure that will likely play
significant roles in technologies of the future – the graphene nanoscroll (GNS). A
GNS is essentially a graphene flake or nanoribbon spirally wrapped onto itself. Being
of similar morphology, GNS share many of the electronic, mechanical, and thermal
properties that have brought so much interest to graphene and CNTs. There are,
however, some key differences in their structure that allow GNS to have their own
distinct features. The open-ended structures of nanoscrolls lead to properties not
observed in their closed-ended counterparts (i.e. nanotubes) [4]. Research into GNS,
also known as carbon nanoscrolls, has lagged behind that of other carbon allotropes
due to the difficulty in synthesis of these materials [5]. Figure 1-1 compares the
number of publications on graphene, CNTs, and graphene/carbon nanoscrolls since
1980. GNS have had a slow start, but are currently seeing exponential growth in
their number of published works whereas both graphene and CNTs are experiencing
1
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a decline. Recent breakthroughs in fabrication methods for effectively synthesizing
GNS are now allowing for experimental research of their applications to be explored.

Figure 1-1: Publications from 1980 to 2021 as found on Google Scholar when using
the search terms “graphene”, “carbon nanotubes”, “carbon nanoscrolls”, and “graphene
nanoscrolls”. The number of publications involving carbon nanotubes and graphene
are currently declining whereas the number of publications on graphene or carbon
nanoscrolls is showing exponential growth.
1.1

Motivation

Having myself developed awe for carbon nanomaterials, the major motivation
behind this work is to provide some of the first experimental investigations into
GNS. This effort began with an exploration of new GNS synthesis methods that
have been presented in literature. Those works were extended herein with
experimental investigations into the scalability and throughput of the respective
techniques, because without production techniques that offer high scalability and
throughput, a nanomaterial cannot realistically have a broad impact on technology.
As this material is particularly well suited for electronic and sensing applications,
application of GNS to electronics (transistors) and the extension of these transistors
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into sensing devices were explored in this effort. The investigation in application of
GNS to transistors emphasizes more material-centric properties as opposed to
development of a device that can readily replace today’s transistors. The
investigation in sensing is an application of GNS into radiation sensors. Here, a
more practical approach was taken with a focus on developing devices that could
potentially compete with traditional technologies.
1.2
1.2.1

Carbon Nanomaterials

Graphene
Graphene is a two-dimensional (2D) material that has incited wonder for

nearly two decades now. The isolation of graphene was first reported in 2004 [6]. In
the years that have followed, graphene has made major impacts in a broad range of
fields, from chemistry and physics to material science and engineering. The
extraordinary attention that researchers have given to graphene stems from the
extraordinary properties that arise from its unique atomic structure [7].
Three-dimensional (3D), bulk graphite is a laminated structure where carbon
atoms on the same plane are in sp2 hybridization. Graphene is the individual, single
atom thick layers in a graphite crystal. These graphene layers have a relatively large
interlayer spacing of 0.34 nm and are bonded with each other via the van der Waals
force. An individual graphene layer consists of tightly packed carbon atoms
arranged in a honeycomb lattice in a 2D plane [4]. Figure 1-2 provides a depiction
of graphene’s 2D honeycomb structure. Each of the carbon atoms in graphene’s
hexagonal lattice has four valence electrons. The first three of these valence
electrons are used to form covalent sp2 bonds. The remaining, fourth valence
electron resides in a pz orbital that forms π bonds which are distributed equally
along three directions. As such, graphene has a bond order of 1 and 1/3 [7].
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Figure 1-2: Depiction of graphene and its two-dimensional, honeycomb structure.
Due to this particular atomic arrangement, graphene has a continuous layer
of delocalized electrons and rigid covalent bonds which provides rapid movement of
injected charge carriers and lattice vibrations (phonons) across its plane [7]. This
phonon behavior leads to the extremely high thermal conductivity of
5 × 103 W m−1 K−1 that has been measured in single-layer graphene [8]. Graphene’s
short, rigid covalent bonds enables it to withstand significant stretching [7]. An
elastic modulus, which describes the ease at which a material can stretch and
deform, of 1 TPa has been measured in monolayer graphene [9]. Graphene has no
net dipole and is therefore nonpolar and hydrophobic due to all carbon atoms, aside
from those on its edge, being identical. Due to the extended network of connected p
orbitals with delocalized electrons, graphene absorbs electromagnetic energy
uniformly across the electromagnetic spectrum from infrared to ultraviolet [7].
Of particular interest to the application of electronics and sensing are
graphene’s exceptional carrier mobilities and specific surface area. Extremely high
intrinsic carrier mobilities of 2 × 105 cm2 V−1 s−1 are achievable in graphene at room
temperature [10, 11] due to the extremely low electron-phonon scattering rates [10].
Charge carrier mobility describes how quickly charge can move through a material

5
and therefore directly relates to achievable current (more on this in Section 3.1.2).
Graphene has a high theoretical specific surface area of 2630 m2 g−1 [12]. High
surface area generally translates to increased reactivity [7].
Graphene is a fundamental building block for graphitic materials of all other
dimensionalities. It can be wrapped up into zero-dimensional (0D) fullerenes, rolled
into 1D nanotubes [13], nanoscrolls [4], and nanohorns [14], or stacked into 3D
graphite [13]. Figure 1-3 depicts some of these arrangements.

Figure 1-3: Graphene as the fundamental building block of other graphitic materials.
Reprinted by permission from Springer Nature Customer Service Centre GmbH: [13].
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1.2.2

Carbon Nanotubes
CNTs were first observed in 1991 [15], over a decade before graphene. CNTs

are an extremely popular 1D nanomaterial around which a large market has grown.
The global CNT market was valued at USD 5.67 Billion in 2020 and is projected to
reach USD 20.31 Billion by 2028, growing at a compound annual growth rate of
17.27% from 2021 to 2028. While research and development remains a large portion
of this market, there is an ever growing demand from the electronics, energy,
consumer goods, aerospace, automobile, defense, and healthcare sectors that is
driving huge investments in scaling production (which is already at 1000s of metric
tons per year). This demand stems from their amazing mechanical and electrical
properties [16]. CNTs are seamless cylinders of either one or multiple layers of
graphene, differentiated as single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTs), respectively. The ends can either be
open or closed [17]. (Note that an open-ended CNT is dissimilar to a GNS in that
the GNS has exposed edges along its length, whereas an open-ended CNT does not.)
The closed variety are capped on the ends with hemispheres of graphene. The
interior of a CNT is hollow [4]. Figure 1-4 provides 3D depictions of both a
SWCNT and a MWCNT with open ends. SWCNTs typically have diameters in the
range of 0.8 to 2 nm. MWCNTs typically have diameters in the range of 5 to 20 nm,
but this can exceed 100 nm. The length of CNTs ranges from less than 100 nm to
several centimeters [17].
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Figure 1-4: Depiction of a SWCNT and a MWCNT with open ends. Modified and
reproduced from [18].
The quasi-1D structure and the graphene-like arrangement of the carbon
atoms contained within are responsible for the extraordinary mechanical and
electronic properties of CNTs [19]. An elastic modulus approaching 1 TPa and a
tensile strength of 100 GPa has been measured for the walls of individual MWCNTs,
making them over an order of magnitude stronger than any industrial fiber.
Individual SWCNTs can have a thermal conductivity at room temperature of up to
3500 W m−1 K−1 which is higher than that of diamond. MWCNTs, which are
generally metallic, are capable of carrying currents with densities of up to
1 × 109 A cm−2 . With the proper orientation of the graphene lattice, CNTs can also
be semiconducting [17].
The current methods that exist for production of CNTs are known to result
in defects that limit their properties and therefore their use in industrial
applications [4, 17].
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1.3

Transistors

Of all the applications for semiconductors, transistors have, by far, created
the most impact. Transistors are three-terminal devices that essentially fulfill two
roles: amplification and switching. As an amplifier in analog circuits, the current or
voltage at one terminal controls the current or voltage between the other two. Small
changes in the control signal can produce large changes in the output. As a switch
in digital circuits, the signal at one terminal determines whether or not current can
pass through the other two. Any type of transistor is capable of operating in these
two modes. The two major types of transistors are the bipolar junction transistor
(BJT) and the field-effect transistor (FET) [20]. A BJT uses both electrons and
holes as charge carriers where a FET uses only one kind of charge carrier (unipolar)
[21]. BJTs were the first to be developed into a practical device and more widely
used than FETs for many years, but the FET was actually invented first. It was not
until FETs surpassed BJTs in ease of fabrication and cost that they began to
become more commonplace. FETs are now the fundamental circuit elements of most
electronic circuits [20].
1.3.1

Field Effect Transistors
Since proposed in the early 1900s, the FET has become one of the most

prolific inventions of the modern era. FETs are three terminal devices in which
electronic amplification is achieved by means of the "field-effect": modulation of the
conductivity of a semiconductor, most commonly silicon, through application of an
electric field. This characteristic feature allows for amplification and switching of
electrical signals [21]. The most common FET today is the
metal-oxide-semiconductor field-effect transistor (MOSFET). In MOSFETs, a thin
layer of semiconducting material known as the “channel” is subjected to an electric
field by application of an electric potential to one of its terminals, referred to as the
gate, which is separated from the semiconducting channel by a dielectric. Through
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modulation of the conductivity of the channel, the current that flows between the
MOSFET’s other two terminals, the source and drain, can be controlled. MOSFETs
are the building blocks of complementary metal–oxide–semiconductor (CMOS)
technology, which has long been the workhorse of integrated circuit (IC) technology
[22]. Further discussion on the basic operation principles of MOSFETs is provided
in Section 3.1.1.
Gordon Moore published a famous paper in 1965 in which he outlined a
prediction, now known as Moore’s law, that states that the number of transistors
per chip would quadruple every three years. This became a self-fulfilling prophecy
which has driven the goals of the semiconductor industry for many decades [23]. In
order to keep up with Moore’s law, the linear dimensions of transistors were reduced
by half every three years. Devices crossed the sub-micron barrier in the early 1980s
[22], and 20 nm bulk planar CMOS devices entered commercial production in 2014
[24].
With the continuous down-scaling of transistor dimensions, undesirable
effects such as the reduction of the ability of the gate to control the potential
distribution and the flow of current in the channel arise. These undesirable effects
are known as “short-channel effects”. Due to short-channel effects, scaling the
dimensions of classical bulk planar MOSFETs below 20 nm seems impossible for all
practical purposes. To combat these effects, semiconductor manufacturers began
adopting alternative geometries; the planar MOSFETs of the past have become 3D
devices with multi-gate structures [22]. At the time of this writing, fin field-effect
transistor (FinFET) technology dominates. FinFETs are non-planar devices that
feature a thin silicon “fin” that protrudes up from the surface of the bulk silicon.
FinFETs entered commercial production in 2015 with TSMC’s 16 nm node [25].
Most recently, 5 nm FinFET technology has become available, with both TSMC [26]
and Samsung [27] producing these devices. Soon, we will begin to see a new
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geometry in commercial devices, gate-all-around (GAA) transistors, which Samsung
has announced for its 3 nm node [28]. Figure 1-5 provides diagrams of the
geometries for a traditional planar MOSFET, a FinFET, and Samsung’s planned
geometry for their GAAFET. Many believe that silicon-based IC technology is
quickly nearing its physical and scientific limits and that carbon is the most suitable
material for replacing silicon [29].

Figure 1-5: Diagrams of a planar FET, a FinFET, and the proposed geometry for
Samsung’s upcoming GAAFET. Image modified from one produced by Samsung.
1.3.2

Carbon-Based Transistors
Due to the variety of stable carbon allotropes and their impressive properties

that are often superior to silicon and other semiconductors, carbon offers numerous
advantages for next-generation electronics. Some of these advantages include small
size, fast speed, low power consumption, and simple processes. Flexible and
transparent carbon-based chips have also excited many who seek to apply them to a
broad range of applications. Both graphene and CNTs have been extensively
explored for their application in transistors [29].
Many novel nanoelectronic devices have been developed that make use of
CNTs. As a channel material, CNTs offer extremely high carrier mobility, large
saturation velocity, and low surface state density or stray charges. These
exceptional electronic features provide high-speed device operation and very high
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gate efficiency. Near-perfect electrostatic control over electron movement and
excellent scalability without short channel effects arise from the atomic-level
thickness of CNTs. Both thin-film transistors and FETs have been developed from
CNTs [29]. Exceptional device performance has been observed at low voltages,
offering power saving ability. Stable performance without short-channel effects have
been reported for devices with channel lengths of 3-15 nm and at gate lengths of
5 nm. Techniques have been developed for both purifying and positioning CNTs for
the fabrication of FETs [29]. Paving the way for commercial fabrication, a technique
has been developed for depositing CNTs uniformly over industry-standard large-area
substrates, allowing CNT-FETs to be fabricated within industrial facilities with the
same equipment currently being used to fabricate silicon based devices [30].
CNT-FETs do come with some disadvantages, however. CNTs are known to
erode when exposed to oxygen, causing lifetime degradation. Reliability concerns
arise with the tendency for semiconducting CNTs to experience avalanche
breakdown. The most significant issue lies with the difficulty in mass producing high
quality CNTs suitable to be used in FETs and the high production costs associated
with current production methods. This has played a major role in many beginning
to disregard CNT-FETs as a viable option for future mass production [31].
1.3.3

Graphene Nanoscrolls Applied to Transistors
A literature review on graphene / carbon nanoscrolls applied in transistors

yields sparse results, with almost the entire body of work consisting of theoretical
modeling. It has been shown that gating a GNS-based channel does indeed affect
the current passing through the transistor and that these devices show very little
variation in operation with increased temperatures [32]. One experimental work
involved fabrication of GNS-FETs that utilized a single graphene nanoscroll as the
device channel [33]. They showed that the contacts between the nanoscroll and the
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source/drain were Ohmic contacts, that the device showed p-type behavior, and
that the GNS-FET performs as a unipolar device [33].
Works that developed models for assessing the performance of GNS-based
FETs and compared results to that of CNT and traditional silicon devices have also
been presented [34, 35]. Overall, it was concluded that GNS-FETs, similar to
CNT-FETs, show significant advantages over silicon devices, minimizing the short
channel effects that limit the scaling down of silicon MOSFETs [34]. It was shown
that GNS exhibit ballistic transport similar to that seen in carbon nanotubes [35].
The gate capacitance, which is responsible for the switching speed of the device, was
found to be dramatically lower than that of silicon devices [34] and slightly lower
than that of CNT devices [35]. With similar, or perhaps even slightly better,
performance than carbon nanotube devices, claims have been made that GNS will
surpass CNTs for use in future carbon based transistors as they are less costly to
fabricate and offer better control of their chirality [34, 35].
1.4

Radiation Detectors

The first invention for the detection and quantification of radiation was
Crookes’ spinthariscope in 1903. This device made use of a strong magnifying glass
to observe scintillations, flashes of light caused by interactions with charged
particles or high-energy photons, on a zinc sulfide screen produced by alpha
particles. As each alpha particle will create its own scintillation, individual alpha
particles could be detected [36]. Many different techniques and devices have arisen
over the past 120 years for the detection of radiation. The following is a discussion
of some of the traditional instruments, several of which are depicted in Figure 1-6.
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Figure 1-6: Examples of some traditional radiation detectors: ionization chambers,
Geiger-Mueller counters, and a proportional counter. Reproduced from [37].
1.4.1

Traditional Radiation Detectors
Ionization Chambers are some of the oldest and mostly widely used

radiation detectors. They work due to the effects that occur when a charged particle
passes through a gas – primarily ionization and excitation of the molecules in the
gas along the particle track. The charges that are generated through this ionization
are collected through application of an electric field and then brought to circuitry
for quantization as current. In most applications, ionization chambers are operated
in current mode in which the average rate of ion formation within the chamber is
measured by bringing the collected charges to an electrometer circuit. ionization
chambers filled with air are particularly well suited for the measurement of
gamma-ray exposure, because gamma exposure is defined as the amount of
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ionization charge generated in air. Portable ionization chambers are commonly
deployed for radiation monitoring. These generally involve a closed volume of air
that is several hundred cubic centimeters and measurement of the ion current by
means of a battery powered electrometer circuit. ionization chambers have excellent
long-term stability. Operating characteristics typically remain within ±0.1% over
several years [38].
Proportional Counters were introduced in the 1940s and are also
gas-filled. Through the phenomenon of gas multiplication, proportional counters
amplify the charge represented by the original ion pairs generated within the gas.
This is achieved by providing an electric field within the gas chamber that is high
enough to allow for additional ion pairs to be generated from collisions between
electrons that were liberated by the incident radiation and gas molecules. This can
create an avalanche effect, as electrons freed during these secondary interactions
can, in turn, create additional ionization. As such, the resultant current pulses are
considerably larger than that from ionization chambers under the same conditions
and allow for satisfactory operation in conditions where ionization chambers would
not be effective. This advantage has led proportional counters to become important
instruments for the detection and spectroscopy of low-energy X-rays. Proportional
counters are also commonly used for the detection of neutrons. A key feature of
proportional counters is their ability to differentiate between different types of
particles and measure the energy of incident radiation [38].
Geiger-Mueller Counters (more commonly known simply as a Geiger
counter) are the radiation detection devices with which most people are familiar.
This device was introduced by Geiger and Mueller in 1928 and continues to be used
today due to its simplicity, low cost, and ease of operation. Geiger-Mueller counters
are also filled with gas and employ gas multiplication to increase the charge
represented by the original ion pairs generated along the radiation track. In contrast

15
to the proportional counters, however, they use substantially higher electric fields to
enhance the intensity of the avalanches. This allows for each avalanche to create, on
average, at least one additional avalanche thereby creating a chain reaction. This
chain reaction is eventually terminated by collective effects of all the individual
avalanches, and this termination always occurs after approximately the same
number of avalanches have occurred. As a result, pulses from a Geiger-Mueller
counter are always of the same amplitude, regardless of the amount of original ion
pairs that were generated by incident radiation. The output signal is large, typically
on the order of volts, which simplifies associated electronics. However, the constant
output amplitude limits Geiger counters to function only as simple counters of
radiation-induced events as all information on the amount of energy deposited by
the incident radiation is lost. They also suffer from a relatively large dead time, the
time between which counts can be made, and are therefore limited to low counting
rates when compared to other instruments. While Geiger counters work well for
charged particles and gamma / X-rays, they are seldom used to count neutrons [38].
Scintillation Detectors make use of scintillators, materials that fluoresce
when excited by radiation. Fluorescence is the prompt emission of light following
the absorption of energy. Selection of a scintillating material is highly influenced by
the radiation species to which it will be applied for detection. Inorganic crystals are
often used for gamma-ray spectroscopy due to their high density and the high
atomic numbers (Z values) of the atoms contained within. Organic crystals are
often used for beta and neutron detection. These two categories are further
subdivided into many subcategories; there are many different types of scintillation
detectors. The pulses of light generated in scintillation are converted into electrical
pulses by means of light sensors (e.g. photomultiplier tubes or photodiodes). If not
for devices such as the photomultiplier tube that is capable of converting the
extremely weak light from a scintillation pulse into a usable electrical signal,
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scintillation detectors would be useless. These devices are employed for the
detection of all forms of radiation and are capable of very fast detection. While they
are capable of performing spectroscopy, they often have poor energy resolution [38].
Semiconductor Diode Detectors became available in the early 1960s and
offer miniaturization of detector dimensions which makes them advantageous in
many radiation detection applications. They are often used in the detection of
high-energy electrons (betas) and gamma rays. Densities in solids are on the order
of 1000 times greater than that for gasses, so less volume is needed to achieve the
same amount of interactions. A major advantage that semiconductor diode
detectors have over scintillation detectors, which are also solid-state detectors, is
that they offer a much larger number of information carriers per radiation event. In
fact, they offer the highest density of information carriers per radiation event of all
the common detectors and thus offer the best energy resolution for radiation
spectroscopy. Electron-hole pairs are generated in the semiconductor material along
the path taken by charged particles (primary radiation or secondary particles).
These electron-hole pairs are driven as a current by application of an electric field
across the semiconductor. Semiconductor diode detectors have relatively fast timing
characteristics. In certain scenarios, their limitation to small sizes is a disadvantage,
and these devices have a high susceptibility for performance degradation due to
radiation-induced damage. Silicon is often used for charged particle spectroscopy,
germanium is often used in gamma-ray measurements, and other semiconductor
materials such as silicon carbide are also sometimes used. Semiconductor diode
detectors can be used for particle identification. When used in conjunction with
converters such as lithium-6, boron-10, and gadolinium-157, pulses from reaction
products from slow neutrons can be recorded. Through use of hydrogen-containing
converters such as polyethylene, fast neutrons can also be detected [38].
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1.4.2

Carbon Nanomaterial-Based Radiation Detectors
Several graphene-FET-based sensors have been developed for the detection of

radiation that exploits the ambipolar behavior of graphene near its charge neutrality
point (Dirac point). They do not rely on the collection of charge, but instead sense
radiation through changes in the conductivity of the graphene layer that is induced
by changes in the electric field to which it is subjected. This electric field changes
when charges generated by incident radiation in the semiconductor substrate, used
as an absorber layer, drift near the graphene layer. Silicon is most commonly used
as this absorption layer [39, 40]. Silicon carbide and gallium arsenide have also been
used [40]. These devices have been fabricated with oxide layers [39] and with space
charge regions [40] for separating the graphene layer from the bulk absorber layer.
These graphene-FET-based sensors can be used for the detection of β-particles and
minimum ionizing particles [40] and have also been shown to be effective in the
detection of X-rays and gamma-rays [39]. They have potential advantages over
traditional semiconductor sensors due to fast response times, monolithic design, and
smaller sizes [40].
A CNT-FET-based x-ray detector has been developed that makes uses of a
back-gated design and aligned CNTs. A gate voltage shift of 244 V Gy−1 and a
source drain sensitivity of 382 nA Gy−1 were observed, larger than the capabilities
by current MOSFET based detectors. The most significant advantage that this
devices offers is its ability to overcome the limited measurement lifetime experienced
in MOSFET X-ray detectors through the ability of being reset into its starting state
after having been exposed to X-rays [41].
The single event effects (SEEs) in CNT based FETs have been studied under
energetic particle radiation from 50 MeV protons, 10 MeV/Nucleon Xe ions, and
100 keV protons. In this study, the drain current through isolated, suspended
SWCNT-FETs were continuously monitored during irradiation, similar to the
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methods employed in this work. Against 50 MeV, protons, SEEs were observed in
the form of drops in current with long durations (∼100 ms). These drops in current
appeared to take on a bi-modal magnitude distribution in that one set of current
drops were minor (∼ 10%) and a second set were major (over two orders of
magnitude). They found large variation in the major event cross sections
(1 × 109 cm2 - 1 × 1011 cm2 ) and in the average duration of the current drops (8 ms 660 ms) for the eight devices tested. The major current drop SEEs were determined
to be dependent of gate voltage. Noise analysis of the drain current showed that
white noise dominated before radiation exposure and a significant rise and transition
to a 1/f spectral profile in noise during irradiation. Post-exposure, the noise profile
decreased but not to pre-exposure levels. The 1/f noise lingered, being higher than
the small amount that existed before the device was exposed to radiation [42].
This behavior is quite different from traditional SEEs. Typically, energetic
particles generate large amounts of ionized charge which is driven to the electrodes
by electric fields, resulting in surges of current. Here, the observed SEEs manifest as
drops in current, representing a decrease in conductance. Additionally traditional
SEEs have lifetimes on the order of picoseconds whereas the SEEs observed in these
CNT-FETs are on the order of 100s of milliseconds. These long recovery times are
not representative of charge collection being the underlying mechanism. The authors
of this presented study make several other arguments against a charge collection
mechanism, noting the lack of an electric field that could drive a negative surge in
current, the polarity of the change in drain current remaining the same despite
change in gate voltage polarity, and the change in drain current getting smaller with
increasing gate voltage magnitude. They propose that a possible mechanism for
these SEEs may be that surface defects on the CNT are being ionized or switch by
the radiation to create a drop in current and the observed 1/f noise [42].
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1.5

Organization of this Dissertation

This dissertation is organized into four chapters and one appendix. The first,
this chapter, gave an introduction to the motivations behind the works presented
herein. It also provided brief overviews of the historical developments and
traditional versions of the devices and materials considered as predecessors of the
two major device applications to which GNS have been applied in this work: that of
the FET and the radiation sensor. Chapter 2 provides a review of the theoretical
groundwork that has been laid for GNS and presents the synthesis techniques that
were explored in this effort. Chapter 3 presents the work and results in application
of GNS to the creation of FETs, and Chapter 4 extends that work in further
applying the GNS-FETs as radiation sensors. Both Chapters 3 and 4 begin with
discussions of the relevant theory required to interpret the devices and results
presented within. Chapter 5 discusses directions for future work and provides a
conclusion. Appendix A presents a third application of GNS to create memristive
devices which is somewhat of a deviation from the arc of applications in the main
body of work.

CHAPTER 2
GRAPHENE NANOSCROLLS
GNS were first reported by Roger Bacon, who referred to the carbon
nanostructures as graphite whiskers, in a 1960 paper published in the Journal of
Applied Physics [43]. They have since been referred to as carbon nanotube scrolls,
carbon nanoscrolls, and GNS. Researchers are currently trying to use the different
names to differentiate how the scrolls are made, but the structures remain the same
in all cases [5]: single or few-layer sheets of graphene rolled up just as a piece of
paper might be rolled into a scroll or like the jelly roll dessert (see Figure 2-1).

Figure 2-1: 3D depiction of GNS highlighting their open-ended morphology.
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The open morphology of the nanoscrolls is the feature differentiating them
from CNTs. Two major forces contribute to the structure of GNS: the elastic energy
increase caused by bending the graphene sheet, which decreases stability, and the
free energy decrease that results from the van der Waals interaction energy of
overlapping regions of the graphene sheet, which increases stability [44]. Figure 2-2
shows the net change in energy as compared to the completely unrolled graphene
state for various states of winding. Most notable is the equilibrium configuration
where the nanoscroll’s energy is actually less than the graphene sheet [44]. The
direction of roll-up is described by the nanoscroll’s chiral vector [45].

Figure 2-2: Net change in energy as compared to a two-dimensional, unrolled,
graphene sheet for various states of scrolling. The inset depicts the energy contributions of the two dominating forces: the graphene bending energy which works to
unroll the nanoscrolls and the van der Waals interaction which holds the scroll together. Reprinted with permission from [44]. Copyright 2004 American Chemical
Society.
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Figure 2-3: Schematic depicting the definition of the chiral vector Ch and chiral
angle θ in graphene as published by Al-Haik et al. [46].
The chiral vector, defined as Ch = na⃗1 + ma⃗2 , describes the beginning and
end of the roll. The chirality of GNS, and CNTs for that matter, is generally
denoted by the point (n, m). Note that armchair nanoscrolls will have chiral vectors
of the form (n, n), and zigzag nanoscrolls will have the form (n, 0). The chiral angle
√
is defined as θ = arctan[ 3m/(2n + m)] and can be thought of as a measure of the
twist in the nanoscroll. Figure 2-3 depicts the definition of the chiral vector Ch
and the chiral angle θ. Variation in the chirality translates to variation in the
properties of the material [46], and it is through tailoring fabrication techniques to
adjust chirality that the band gap of GNS becomes engineerable [45]. The chirality
of GNS can be controlled more easily than CNTs as the overlapping region and
inner radius can be tailored by adjustment of the fabrication technique [35]. This is
because chirality is a much deeper topic than simple definitions of directions along
the graphene lattice that describes asymmetry in the structure and charge carriers.
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2.1

Electronic Material Properties

The chiral nature of the charge carriers in graphene is responsible for many
of the interesting physical phenomena that the material exhibits. The linear
curvature of the dispersion relation near the Dirac points in the graphene lattice
result in charge carriers with an effective mass of zero, resulting in the charge
carriers in graphene exhibiting relativistic behaviors. The resulting high velocites of
the relativistic charge carriers results in high charge mobilities. For massless
particles, chirality becomes equivalent to another property known as helecity.
Helecity describes the relation of the particle’s spin to its momentum. Particles are
either “right-handed” in that their spin and momentum are in the same direction or
“left-handed” in which their spin and momentum are in opposite directions. In the
mathematics of quantum mechanics and quantum field theory, this distinction is
similar to there being an additional quantum number, and thus the presence of
these chiral charge carriers give rise to higher densities of states and thus higher
charge carrier densities [47].

(a)

(b)

Figure 2-4: (a) Effective mass of electrons in GNS vs chirality number for various
scroll lengths as presented by Ahmadi et al. [32]. (b) Density of states vs energy for
zigzag nanoscrolls of length L = 60 nm for various chirality numbers as presented by
Khaledian et al [45].
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Khaledian has published several papers in which the fundamental electronic
properties of GNS are explored [45, 48, 49]. Armchair nanoscrolls are generally
metallic. Zigzag nanoscrolls are metallic or small-bandgap semiconductors when
(n − 1) is a multiple of 3, where n is the chirality number. When (n − 1) is not a
multiple of three, a bandgap exists and such zigzag nanoscrolls are semiconducting
[49]. Thus, zigzag nanoscrolls are of greater interest to be used as the channel in
FETs. The density of states (DoS) for zigzag GNS normalized per unit length (L) is

DoS =

2m∗ (E − Ec )−1/2
∆ni
√
=
,
L∆E
3ℏπ t

(2.1)

where ni is the intrinsic carrier concentration, t = 3.0 eV is the nearest neighbor
C-C overlap energy, Ec = 0.5t + (3L2 )/(2n2 ) is the energy of the conductance band,
and m∗ is the effective electron mass. In the zigzag GNS, the effective electron mass
is given by
m∗ =

4n2 ℏ2
,
9acc t(L2 + 4n2 )

(2.2)

where n is the chirality number, ℏ is the reduced Planck’s constant, and
acc = 1.42 Å is the carbon-carbon bonding distance. As can be seen in Figure 2-4a,
the effective electron mass increases in a parabolic-like manner with increasing
chirality number. As the effective mass is a function of the chirality of the
nanoscrolls, and the density of states is a function of the effective mass, the density
of states is a function of the chirality number. This affects the density of states as
depicted in Figure 2-4b with the most significant takeaway being that the band
gap increases with increasing chirality. In terms of the chirality number, the energy
dispersion relation for zigzag nanoscrolls is
s
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where kt denotes the wave vector’s magnitude along the axis of the nanoscroll [45].
Figure 2-5 shows the energy band structures for zigzag nanoscrolls with different
chirality numbers. In comparing, the band diagrams, the band gap (the gap
between the highest valence band and lowest conduction band) clearly varies for
different chirality numbers.

(a)

(b)

(c)

Figure 2-5: Energy band structures of (a) (14,0), (b) (15,0), and (c) (17,0) zigzag
GNS. The band gaps for each configuration are (a) 0.5 eV, (b) 0.66 eV, and (c)
0.58 eV. Reproduced from [49] with permission from the Royal Society of Chemistry.
Schaper et al. performed a comparative study of the conductance and
electric sustainability of GNS and MWCNTs. It was determined experimentally
that the conductance of GNS ranges between 14Go to 19Go where
Go = 2e2 /h = 7.748 · 10−5 S is the conductance quantum, an order of magnitude
higher than that of CNTs. The maximum current density was determined to be
> 108 A/cm2 , which is also an order of magnitude higher than the capabilities of
CNTs. This improvement in performance is attributed to the open morphology of
the nanoscrolls as compared to the nanotubes. The nanoscroll behaves more like a
singular graphene sheet with a linear increase in current with increasing voltage and
an abrupt breakdown as compared to the non-linear increase in current and stepwise
breakdown observed in nanotubes [50]. This performance makes GNS even more
ideal than CNTs for use as the channel in field effect transistors.
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2.2

Synthesis of Graphene Flakes

Graphene flakes are synthesized in a solution of sodium dodecyl sulfate
(SDS) and deionized water by means of an intercalation-exfoliation technique.
Reminiscent of industrial electroplating processes, a pair of graphite rods submerged
in the solution are used as electrodes and are connected to a DC power supply. The
electrical potential between the electrodes strips graphene flakes from the graphite
rods. The SDS, a surfactant, is intercalated between the layers of graphene that
makeup the graphite rods, aiding in freeing thin layers of graphene as opposed to
thick chunks of graphite. In flipping the polarity of the electrodes, the recently
intercalated rod is now subject to exfoliation – single layer to few-layer graphene is
stripped away. Graphitic particles can be removed from the solution by centrifuging
at 10,000 rpm for one hour, decantation, and washing with ethanol and deionized
water. This scalable technique results in large amounts of graphene flakes, supended
in solution, to be quickly synthesized.

Figure 2-6: Intercalation-exfoliation technique for synthesis of graphene flakes.
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2.3

Conversion of Graphene Flakes to Graphene Nanoscrolls

A variety of methods for scrolling the graphene flakes was explored and
evaluated for efficiency. Attempts were made to scale these techniques in order to
achieve the highest throughputs possible. The preferred methods are
ultrasonication, solvent-induced self-assembly (SISA), and the silver-assisted
method. This section outlines the working principles behind these scrolling
mechanisms, the variations of the techniques investigated, descriptions of the
resulting GNS, and details on the conversion efficiency and throughput of each
technique.
2.3.1

Ultrasonication
In this technique, purified solutions of suspended graphene flakes are

ultrasonicated at a frequency of 42 kHz and with a power of 100 W for three hours.
This perturbation activates the scrolling process – converting the graphene flakes
into nanoscrolls. Ultrasonication creates compression and rarefaction waves inside
the liquid; the rarefaction wave cycle produces cavitation. Cavitation causes the
growth of bubbles that will eventually implode, creating temperature ranging from
4000 - 25,000 K and pressures from 1000 - 10,000 atm. These nano-explosions cool
at a rate of 1011 K/s. While very localized, these perturbations dramatically
influence nanoscale materials, overcoming the elastic energy associated with bending
the graphene sheet [51]. As the graphene flakes becomes increasingly rolled onto
itself, van der Waals attraction becomes stronger. Eventually, an equilibrium point
is reached wherein the nanoscroll’s energy is actually less than that of the unrolled
graphene sheet, and stable nanoscrolls are achieved [44]. Figure 2-7 outlines the
ultrasonication technique for converting graphene flakes to GNS.
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Figure 2-7: Ultrasonication technique for converting graphene flakes to GNS.
Through this technique, GNS were successfully created in ethanol and
N,N-dimethylformamide (DMF). N-methyl-2-pyrrolidone (NMP) was also tried, but
it was found that the graphene flakes were not affected during sonication in this
solution. This could possibly be due to the significantly higher viscosity of NMP
requiring higher energies to induce cavitation. The graphene flakes are dispersed
uniformly in the aqueous SDS solution, but fall out of the solution after being
converted to GNS through sonication in ethanol or DMF. Figures 2-8 and 2-9 shows
images taken via transmission electron microscopy (TEM) of GNS produced through
ultrasonication in ethanol. The hollow inner structure of the GNS can clearly be
observed in Figure 2-9. Figure 2-10 shows the distribution of widths of the GNS
produced from ultrasonication in ethanol. The mean width was 46 nm, which was
the smallest of all techniques explored. Figures 2-11 and 2-12 show images taken via
scanning electron microscopy (SEM) of GNS produced through ultrasonication in
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DMF. In Figure 2-12 the tendency to group in aligned clusters and the spiral
nature of the GNS fabricated through this process can be observed. Ultrasonication
was found to have a moderate graphene flake to GNS conversion efficiency.

Figure 2-8: TEM images of GNS formed during sonication in ethanol. Reprinted
from [51] with permission from Elsevier.
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Figure 2-9: TEM images of GNS formed during sonication in ethanol clearly showing
the inner structure, which is hollow and confirms scrolling. Reprinted from [51] with
permission from Elsevier.

31

Figure 2-10: Distribution of widths of GNS produced from ultrasonication in
ethanol.
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Figure 2-11: SEM images of GNS created through ultrasonication in DMF.
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Figure 2-12: SEM images of GNS created through ultrasonication in DMF highlighting (a) clustering and (b) the spiral nature of the GNS (bottom).
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2.3.2

Solvent-Induced Self-Assembly
In this technique, GNS are formed by dropwise addition of a solvent with a

significantly less negative zeta potential for its graphene dispersion than that of
water into an aqueous dispersion of graphene flakes. This technique was developed
for the scrolling of graphene oxide flakes [52] and was applied with success to
graphene flakes for the first time in this work. Solvents with a zeta potential closer
to zero will be unfavorable to the graphene flakes, and the graphene flakes will tend
to reduce their contact interface with these unfavorable solvents. This serves as one
of the driving forces that causes the scrolling [52]. The zeta potential for graphene
flakes in deionized water is approximately −33 mV [53]. A zeta potential for
graphene flakes in DMF of −11.7 mV has been presented [54]. DMF was slowly
added into small samples of the aqueous graphene flake and SDS solution from a
syringe at a flow rate controlled by a syringe pump (depicted in Figure 2-13).

(a)

(b)

Figure 2-13: (a) Schematic depiction and (b) photograph of setup for GNS synthesis
via SISA.
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Ethanol was also tested but was found to make very few GNS. This is likely
due to the zeta potential being closer to the graphene in aqueous solution. Zeta
potentials for graphene in ethanol of approximately 18 mV have been reported [55].
DMF, which has a zeta potential for graphene that is significantly closer to zero
than graphene in water, provided sufficient energy for the conversion of graphene
sheets into GNS. The ratio of solvent to graphene, flow rates, and the amount of
solvent used in quenching was varied. Through this process, two types of GNS are
produced, the typical cylinder shape similar to CNTs but also a more
spindle-shaped which occurs due to multiple scrolls rolling on top of each other.
Cylindrical GNS like that produced in other techniques were also observed, but were
significantly less common. Figure 2-14 shows the distribution of widths of the
GNS produced from the SISA method. The mean width was 87 nm, which was the
largest of all techniques explored. Figure 2-15 shows SEM images of spindle GNS
produced via the SISA method with DMF. Figure 2-16 are higher magnification,
zoomed-in SEM micrographs of the spindle-shaped GNS and a cylindrical GNS
produced via the SISA method with DMF.
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Figure 2-14: Distribution of widths of GNS produced from the SISA method.

37

Figure 2-15: SEM images of spindle nanoscrolls produced via the SISA method
with DMF.
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Figure 2-16: SEM images of (a) isolated spindle GNS and (b) a cylindrical GNS
produced via the SISA method with DMF.
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2.3.3

Silver-Assisted Method
In the silver-assisted method, a solution of silver nitrate and ethanol is mixed

with an aqueous solution of graphene flakes and stirred. Silver cyanide (AgCN)
nanoparticles form at the edges of the graphene flakes because of the activated
dangling bonds of the graphene. These AgCN change the electron density on the
surface of the graphene flakes and affect the adsorption of ethanol on the graphene,
increasing the surface energy. When the surface energy of the graphene flakes
reaches a sufficiently high level, the graphene flakes begin to curl in order to reduce
their surface energy. With significant curling, the van der Waals force can become
more significant than the bending force of the graphene. This allows the curling to
continue until a stable nanoscroll state is reached [56, 57]. The result is GNS doped
with AgCn nanoparticles. Figure 2-17 depicts this process.

Figure 2-17: Conversion of graphene flakes to a GNS through the silver assisted
method: (a) AgCN nanoparticles form at the edge of the graphene flake; (b) the
AgCN nanoparticles cause a surface strain which initiates bending of the graphene
flake; (c) a stable state is reached, and the GNS is held together by van der Waals
forces.
Silver nitrate was mixed with ethanol, and this solution was then added into
graphene flake and SDS aqueous solutions. This combined solution was stirred at a
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low rpm for thirty minutes at room temperature. Various concentrations of silver
nitrate, ranging from 0.01 to 10 mg mL−1 , were tested in order to determine the
optimal formula for graphene flake to GNS conversion efficiency. It was determined
that a silver nitrate concentration of 1 mg mL−1 provides the optimal graphene flake
to GNS conversion efficiency while limiting the amount of Ag nanoparticles that
form on the graphene. With this optimal silver nitrate concentration, conversion
rates of approximately 95% can be achieved.
For silver nitrate concentrations too far below the optimal level, the
graphene flakes were not completely scrolled, resulting in structures with more of a
2D morphology. Figure 2-19 shows images taken via SEM of batches that did not
have adequate concentrations of silver nitrate. For silver nitrate concentrations too
far above the optimal level, large amounts of silver is plated on top of each other,
creating GNS with irregular shaped silver coatings on the exterior surface.
Figure 2-18 shows the distribution of widths of the GNS produced from the
silver-assisted method. The mean width was 70 nm. Figure 2-20 shows SEM
images of GNS made from the silver-assisted method when using the optimal silver
nitrate concentration. It is clear from these micrographs that the graphene flake to
GNS conversion efficiency is exceptionally high and that GNS produced through this
technique tend to have smaller diameters, suggesting more tightly wound structures.
The silver-assisted method was also used to convert graphene flakes that
underwent an additional filtration step that made use of a vacuum pump and
200 nm filters. This finer filtration eliminated nearly all residual graphitic particles
and also removed larger graphene flakes. Figure 2-21 shows SEM micrographs of
GNS produced from the silver-assisted method from graphene flakes that were
processed with this second-order filtration. Notice that the resulting GNS appear to
be much longer than that of GNS created in any other process, including that of the
silver-assisted method without the second graphene flake filtration step. Upon closer
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inspection, these long wiry structures are actually bundles of GNS. GNS produced
from converting the twice filtered graphene flakes through the silver-assisted method
have a high proclivity for bundling. This can clearly be seen in the zoomed-in SEM
image in Figure 2-21. The bundling of many GNS, which does not necessarily
occur with the ends aligned, is what results in the long structures.

Figure 2-18: Distribution of widths of GNS produced from the silver-assisted
method.

42

Figure 2-19: SEM images of incompletely converted GNS formed via the silverassisted method with inadequate concentrations of silver nitrate.
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Figure 2-20: SEM images of GNS produced from the silver-assisted method when
using the optimal silver nitrate concentration.
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Figure 2-21: SEM images of GNS produced from the silver-assisted method when
using the optimal silver nitrate concentration.
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2.4

Material Characterization

In order to confirm the presence of GNS, several different characterization
techniques were used. TEM and SEM were used for studying the morphologies of
the GNS. Many of the images obtained through these characteristic techniques were
presented above. X-ray diffraction (XRD) provides information about the
crystalline structure of a material. The difference in carbon allotropes can easily be
determined by assessing which crystal planes exist or do not exist. The quality of
graphene and GNS can also be evaluated through XRD analysis. Figure 2-22
shows the XRD data from a commercially obtained sample of graphite, graphene
flakes prepared through the intercalation-exfoliation process used herein, and GNS
synthesized via the ultrasonication technique. Graphite has a strong diffraction
peak at 26◦ which corresponds to the 002 plane of graphite. A larger diffraction
peak at 26◦ corresponds to more layers of graphene. For monolayer graphene, no
peak should be measured at 26◦ . The GNS prepared through ultrasonication
exhibited no peak at 26◦ . A peak was observed around 44.5◦ with a moderate
intensity [51]. This peak represents the (100) plane [58].
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Figure 2-22: XRD data for bulk graphite, graphene flakes prepared through
the intercalation-exfoliation technique, and GNS synthesized by ultrasonication of
graphene flakes in ethanol. Presented in [51].
Commercially obtained SWCNTs and MWCNTs were also characterized via
XRD for comparison purposes. Figure 2-23 shows the results from this
characterization along with the XRD data for the ultrasonicated GNS. Both
SWCNTs and MWCNTs exhibit the (100) peaks near 43-44◦ , similar to that of the
GNS. MWCNTs have a strong peak at 26◦ , typical of graphite, due to their
multi-layered structure. SWCNTs has no peak at 26◦ , similar to the GNS. As such,
GNS resemble SWCNTs more closely than MWCNTs. Also noteworthy is the slight
right-shift in the (100) peak to 44.5◦ as compared to the SWCNTs and MWCNTs.
This is likely due to stress in the spiral structures of the GNS [51].
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Figure 2-23: XRD analysis of GNS synthesized by ultrasonication of graphene flakes
in ethanol and commercially obtained SWCNTs and MWCNTs. Presented in [51].
Raman spectroscopy, which measures vibrational modes, was also used to
characterize the graphene flakes and ultrasonicated GNS. The peak at 1300 cm−1 is
the D-mode peak or first-order overtone and represents disorder within the sp2
bonds. This disorder is caused by distortion within the graphene structure. The
peak at around 1585 cm−1 is the G-mode peak or second order overtone. It
represents stretching or flexing of the graphene C-C bonds. At approximately
2684 cm−1 is the D+G mode or 2D mode. This is a second order mode. The RBM
mode at 315 cm−1 is commonly observed in CNTs and represents expansion and
contraction in the diametrical direction. Figure 2-24 shows the Raman spectra
obtained for graphene flakes synthesized through the intercalation-exfoliation
technique. A 2D/G ratio of approximately 0.7 was measured for the graphene
flakes, which is indicative of few-layer graphene. Figure 2-25 shows the Raman
spectra obtained for the ultrasonicated GNS. The 2D/G ratio for the GNS was 0.14,
indicating multiple layers within the nanoscrolls. The GNS exhibited a peak at the
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RBM mode. The strength of the G mode compared to the 2D mode strongly
suggests CNT-like properties from the nanoscrolls [51].

Figure 2-24: Raman spectra for graphene flakes synthesized through the
intercalation-exfoliation technique. Presented in [51].
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Figure 2-25: Raman spectra for GNS produced through the ultrasonication technique. Presented in [51].
Figure 2-26 shows XRD characterization for GNS made through the
silver-assisted method with the extra filtration step. As discussed previously, the 2θ
peak at 26◦ corresponds to stacked layers of graphene. The intensity of this peak
increases as the quantity of graphene layers increase and will be very high for bulk
graphite. Monolayer graphene will have an extremely small to near zero intensity
peak at 26◦ . The peak at 44.5◦ is also observed in CNTs. The peak at 31◦ is a
signature peak for GNS. The peaks at 65◦ and 77◦ are due to the silver
nanoparticles.
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Figure 2-26: XRD analysis of GNS produced from the silver-assisted method.
2.5

Summary

Various techniques for conversion of graphene flakes to GNS were evaluated
for conversion efficiency and achievable throughput. The preferred methods were
ultrasonication, solvent-induced self-assembly, and the silver-assisted method. It
was found that ultrasonication produces GNS with a moderate conversion efficiency
and is capable of scaling to throughputs on the order of tens of milligrams per
process run. The SISA technique was found to produce wider, spindle shaped GNS
with a high conversion efficiency. Scaling of the SISA technique, however, did not
yield good results, and the throughput of a single process run only produces about
1 µg of GNS. The silver-assisted method provides both high conversion efficiencies
and high throughput. GNS can be produced through this technique with a per run
throughput on the order of several grams.

CHAPTER 3
GNS FIELD EFFECT TRANSISTORS
In this chapter, experimental GNS-FETs which incorporate a back-gated
design and a network of many GNS as the channel are developed and characterized.
GNS synthesized through the preferred techniques presented in Chapter 2 are used
as the channel material, allowing for the comparison of device behavior with the
variation of GNS fabrication technique. It is shown that the fabricated GNS-FETs
do indeed perform as FETs and that extraordinary current densities can be
achieved. Evidence of room-temperature ballistic carrier transport is all presented
in 100 µm channel devices.
3.1
3.1.1

Relevant Background

Basic Field Effect Transistor Operation
Many types of FETs have been researched, fabricated, and commercialized;

all have the same fundamental operation principles in common. An electric field
across the gate structure controls the flow of current between two of its terminals,
known as the source and drain. The differences in the various types of FETs are
primarily in the structure of the gate and the mechanism used to apply the field
[20]. This discussion will focus on the MOSFET, as it provides the best
foundational framework for the work presented later in this chapter. A basic
schematic of a MOSFET is shown in Figure 3-1. In a MOSFET, the gate is
electrically isolated from the channel, a conducting path between the source and
drain, by the gate oxide. The passage of charge carriers through the channel is
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controlled by varying the electric field in the gate oxide. The voltage applied to the
gate terminal (VG ) with respect to the voltage across the drain and source (VDS ) is
used to control this electric field.

Figure 3-1: Basic schematic of a MOSFET device.
MOSFETs are either N-channel or P-channel, referring to whether electrons
are the majority carriers (n-type) or if holes assume that role (p-type). N-channel
and P-channel MOSFETs are also referred to as NMOS and PMOS, respectively.
The body, source, and drain are doped differently depending on the channel type.
For an N-channel MOSFET, the source and drain are degenerately doped n+
regions, and the body is p-type. For an P-channel MOSFET, the source and drain
are degenerately doped p+ regions, and the body is n-type [20].
For NMOS, the gate-to-source voltage (VGS ) must be greater than a device
specific threshold voltage (VT ) and the drain-to-source voltage (VDS ) must be
greater than zero in order for current to flow from the drain to source. Threshold
voltage is dependent upon the physical dimensions and other parameters of the
MOS device. For PMOS, the threshold voltage is opposite in sign to the
corresponding N-channel device. For VGS less than VT , an NMOS is in the cutoff
mode. No drain current flows through the channel. As VGS is increased above VT , a
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drain current is conducted for VDS > 0. For VDS ≤ VGS − VT , an NMOS device is in
the linear mode of operation, and the drain current (ID ) is described by


2
W
VDS
ID = µCox
(VGS − VT )VDS −
.
L
2

(3.1)

Here, µ is the carrier mobility, Cox is the gate capacitance per unit area, W is the
channel width, and L is the channel length. For VGS > VT and VDS ≥ VGS − VT , an
NMOS operates in the saturation mode, and the drain current is described by
1
ID = µCox (VGS − VT )2 (1 + λVDS ).
2

(3.2)

Here, λ is the channel-length modulation parameter, providing a slight dependence
of the device saturation current on VDS . For PMOS, these equations are similar in
form with the voltage polarities and current directions reversed. Cutoff occurs when
VSG ≤ −VT . For VSG ≥ −VT and VSD ≤ VSG + VT , the device is in the linear mode
of operation, and ID is described by


2
W
VSD
ID = µCox
(VSG + VT )VDS −
.
L
2

(3.3)

For VSG ≥ −VT and VSD ≥ VSG + VT , the device is in the saturation mode, and ID is
described by
1
ID = µCox (VSG + VT )2 (1 + λVSD ).
2

(3.4)

Note that the polarity change is represented in the reversal of the subscripts [59].
Figure 3-2 shows typical ID vs VDS curves for both NMOS and PMOS.
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(a)

(b)

Figure 3-2: Representative I-V characteristics for (a) NMOS and (b) PMOS.
3.1.2

FET Figures of Merit
Charge Carrier Mobility Charge carrier mobility (µ) relates the drift

velocity (vd ) of a charge carrier (e.g. electron or hole) through a semiconductor per
unit of electric field (E). Through the definition of drift velocity, it can be shown
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that charge carrier mobility is proportional to the average collision time (τ ) and
inversely proportional to the mass of the charge carrier (m). These relations are
shown in equation 3.5 where e is the elementary charge. Electrical conductivity (σ)
in a semiconductor is directly related to the electron mobility (µe ) and hole mobility
(µh ) as defined by equation 3.6 where n and p are the electron and hole
concentrations, respectively [60].

µ=

|v|
eτ
=
E
m

σ = e(nµe + pµh )

(3.5)
(3.6)

For devices such as those fabricated here, threshold voltage can be defined in
a variety of ways. As such, the field effect mobility (µF E ), which can be determined
independently of threshold voltage, is often determined and reported. Field effect
mobility accounts for device-specific effects such as contact resistances and surface
effects and therefore underestimates the material-specific carrier mobility [61].
Equation 3.7 was used to determine the field-effect mobility of the fabricated
GNS-FETs. Here, L is the channel length, W is the channel width, CS is the
capacitance per unit area of the dielectric layer, VDS is the drain-to-source voltage,
and VGS is the gate-to-source voltage.

µF E =

∂IDS
L
W CS VDS ∂VGS

(3.7)

Dirac Point The minimum of the IDS vs VGS transfer function corresponds
with the minimum of charge carrier density near the neutrality point. To the left of
this neutrality point, holes are the majority charge carriers. To the right of the
neutrality point, electrons are the majority charge carriers [62]. Figure 3-3 serves
to depict this. As such, hole and electron mobilities can be estimated by applying
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equation 3.7 to the respective side of the transfer curve [63]. Devices that are
p-doped exhibit Dirac points at positive VGS ), and the Dirac point in n-doped
devices will lie at negative VGS . Qualitative comparisons can be made on the degree
to which channel materials are p-doped or n-doped by comparing how far the Dirac
point lies from VGS = 0 [64].

Figure 3-3: Idealistic transfer curve serving to explain the concept of the Dirac
point.
Subthreshold Swing and Subthreshold Slope Subthreshold swing and
subthreshold slope quantifies the sharpness of a transistor’s switching behavior.
These two quantities are the inverse of one another, with subthreshold slope defined
as the change in gate voltage (VGS ) required to produce an order of magnitude
change in drain-source current IDS in the subthreshold regime:

SS =

dVGS
, VGS ∈ subthreshold regime.
d[log10 IDS ]

(3.8)
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Lower subthreshold slope or higher subthreshold swing translates to sharper
switching behavior which is more desirable for most applications [65].
On-Off Ratio The on-off ratio of a FET is the ratio of the current in its on
state (Ion ) to its leakage current in the off state (Iof f ). For a FET with p-type
behavior, the on current should be taken as the current when the gate is tied to
ground, and the off current should be taken as the current when the gate is tied to
the circuit supply voltage (VDD ):

IP F ET,on

= IDS (VGS = 0)

IP F ET,of f = IDS (VGS = VDD ).

(3.9)
(3.10)

For a FET with n-type behavior the on current should be taken as the current when
the gate is tied to VDD , and the off current should be taken as the current when the
gate is tied to ground:

IN F ET,on = IDS (VGS = VDD )
IN F ET,of f

= IDS (VGS = 0).

(3.11)
(3.12)

For a FET to be useful in digital logic applications, its on-off ratio (Ion /Iof f ) should
be higher than 104 [66].
3.1.3

Ballistic Transport
Ballistic transport is a charge transport mechanism through which charge

carriers are able to reach high velocities, resulting in higher currents. These high
velocities are achieved due to a lack of collisions and require that the dimensions of
the sample are smaller than the mean free path, the distance between successive
charge carrier collisions with impurities or phonons that reduces the charge carrier
momentum, and the phase relaxation length, the distance after which the coherence
of a charge carrier is lost. In polycrystalline metallic films, the mean free path is
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about tens of nanometers. In high-mobility semiconductors at very low
temperatures (T < 4 K), the mean free path is tens of micrometers [67].
3.2

Test Setup

All GNS-FET devices were characterized via custom written programs that
communicated with electrical test equipment via the Standard Commands for
Programmable Instruments (SCPI) protocol. The SCPI protocol allows for the
programmatic control of instrumentation equipment. Functions such as changing
equipment settings, turning on/off outputs, and taking measurements can be
performed. A PC running MATLAB was connected to the required equipment via
USB to RS232 adapter to provide serial communication. Figure 3-4 shows the
characterization program running, collecting I-V curves for a GNS-FET via a
Keithley sourcemeter. A custom-built, high-precision probe station was used for
electrically connecting to devices under test. This is shown in Figure 3-5.

Figure 3-4: Photograph of device characterization setup. Electrical test equipment
were controlled and data was collected via custom written software.
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Figure 3-5: Photograph of GNS-FET connected with high-precision probe station.
3.3

Device Fabrication

A back-gated design was used for realization of the GNS-FETs. Oxide was
grown on a degenerately doped p-type silicon wafer, and layers of chrome and gold
were deposited on the oxide layer via electron beam deposition. The chips were
patterned using traditional photolithography techniques. The oxide on the backside
of the wafer was etched away to create the gate. A three-dimensional depiction of
the device is shown in Figure 3-6 Actual photos of GNS-FET samples are shown in
Figure 3-7. The device cross-section is depicted in Figure 3-8. The gap between
the drain and source electrodes is 100 µm. Graphene nanoscrolls are deposited in
this gap and cluster together due to the π-π interactions. This simple design allows
for speedy fabrication and leaves the GNS exposed which is ideal for the
development of sensors.
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Figure 3-6: Depiction of device. A network of graphene nanoscrolls form the channel
between two gold electrodes (source/drain) patterned onto 300 nm thick SiO2 . The
underlying wafer is degenerately doped and serves as the gate.

(a)

(b)

Figure 3-7: Photos of GNS-FET samples with various densities of GNS drop cast
into the channels.
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Figure 3-8: Crossection of the device fabricated for demonstrating field-effect behavior of graphene nanoscrolls. A back-gated design was used, and GNS were deposited
between gold electrodes.
3.4

Results and Discussion

GNS Fabricated through the Silver-Assisted Method as the Channel

3.4.1
Material

GNS fabricated via the silver-assisted method presented in Section 2.3.3 were
first explored as channel material. The devices behaved similar to P-channel
MOSFETs. Figure 3-9 shows the typical IDS vs VDS curves for a GNS-FET made
using GNS synthesized through the silver-assisted method. Figure 3-10 shows the
IDS vs VGD transfer curves for the same device. Field effect can be clearly observed
in these relations: the magnitude of the current through the device is increased with
electric fields that are more negative resulting from more negative voltages applied
to the gate. Furthermore, the separation between the I-V curves in Figure 3-9
increases non-linearly as the gate voltage decreases. Also notable in Figure 3-10 is
the unipolar behavior of the GNS-FET – it only conducts when the gate is brought
sufficiently below the drain voltage. This is likely due to the GNS forming an Ohmic
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contact with the metal source/drain as opposed to a Schottky contact – that is, the
work function of the GNS is greater than the work function in the metal. The Ohmic
contacts do not allow for electrons to easily tunnel through the energy barrier.

Figure 3-9: Typical IDS vs VDS curves for a GNS-FET made using GNS synthesized
through the silver-assisted method.
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Figure 3-10: Typical IDS vs VGD transfer curves for a GNS-FET made using GNS
synthesized through the silver-assisted method.
One issue that must be addressed during device fabrication is the undesired
presence of metallic GNS in the deposited GNS network. Armchair nanoscrolls are
generally metallic whereas zigzag nanoscrolls are semiconducting unless (n − 1) is a
multiple of three where n is the chirality number [49]. A method for controlling the
direction of scrolling has not yet been developed. Metallic nanoscrolls present in the
channel, even in small quantities, are greatly detrimental to the behavior of the
FET and must be removed. Herein, the metallic GNS (m-GNS) were destroyed by
means of electrical breakdown caused by Joule heating similar to the methods used
in creating CNT-FETs [68, 41]. Semiconducting GNS are not destroyed in this
process due to the dramatic differences in transport properties between metallic and
semiconducting GNS [68]. The I-V relations observed during the initial device run
are significantly more resistive (linear) than what should be observed for a FET.
Upon reaching a critical amount of current, the m-GNS breakdown and the I-V
response is observed to fall back to zero (see Figure 3-11). This current only
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passed through the metallic GNS, destroying them. However, after burnout of the
metallic GNS, subsequent runs show I-V relations that are nonlinear, with clear
turn-on voltages and exponential rises thereafter.

Figure 3-11: I-V characteristics of a diode-connected GNS-FET with an increased
amount of GNS and a 150 nm oxide before and after burnout of the metallic GNS.
Before burnout of the m-GNS, the device behaves linearly. After burnout, the device
behaves as expected for a FET and displays extraordinary current densities. The
device remained stable with a peak temperature of 70◦ C while achieving a current
density of 2.8 · 106 A/cm2 .
In varying the amount and/or density of GNS deposited as the channel of
the FET, device parameters such as transconductance can be varied. Figure 3-11
shows the diode configuration I-V characteristics for another device with a 150 nm
oxide layer and a higher density of GNS deposited in the channel. At 8 V, the
current through the device reached 1.2 A – an extraordinary current density of
2.8 · 106 A/cm2 . This is comparable to current densities reported in a single carbon
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nanoscroll, 5 · 107 A/cm2 [69]. This is approximately 60 times larger than the
highest reported current density in a silicon device [70]. The temperature of the
device did not rise above 70◦ C, and therefore could have potentially withstood even
higher current without failure. This is likely possible because of the fantastic heat
dissipation properties of graphene. This suggests that GNS-FETs can potentially
provide current densities that are much higher than that of a traditional silicon
MOSFET.
For all its promising properties, the GNS-FETs do exhibit poor on/off ratios.
The device presented in Figures 3-9 and 3-10 is capable of achieving an on-off ratio
(Ion /Iof f ) of 1.3 × 103 . Most carbon-based transistors suffer from an increased Iof f
due to the thinning of the band-to-band tunneling that occurs when the conduction
and valence bands of the carbon nanostructures overlap near the drain, allowing
small amounts of charge flow by thermionic emission even with no applied voltage
at the gate [34].
GNS Fabricated through the Silver-Assisted Method with Second-Order

3.4.2
Filtration

An additional step was added into the fabrication process: second-order
filtering of the graphene flakes before scrolling. This was done primarily to further
remove residual graphitic chunks which were believed to play a significant role in
the initial resistive behavior of previous samples. Directly following the synthesis of
graphene flakes as described in Section 2.2, the aqueous solution of graphene flakes
and SDS was filtered using a vacuum pump and 2 µm filters in order to remove
larger graphitic chunks. Here, an additional filtering was performed using a vacuum
pump and 200 nm filters. The filtered graphite flake solution was then converted to
GNS per the silver-assisted method, and these GNS were drop-cast into the channel
of a back-gated FET structure. The GNS-FETs fabricated with this additional
filtering step had much higher channel resistances immediately following fabrication
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and pre-testing as compared to the Ag GNS-FETs that were made from singly
filtered graphene flakes explored previously. The resistance was above the range of
the multimeter used for measurement. The linear, resistive I-V relations that were
observed in initial device testing were not observed in these devices. This is likely
due to further reduction of residual graphitic chunks carried through the fabrication
process which were contributing to the parasitic resistance and could also possibly
be due to larger GNS created from larger graphene flakes tending to be more
metallic.
Figure 3-12 shows the transfer curve of a FET with filtered Ag-GNS used
as the channel material. This curve was obtained with a voltage of 1 V applied
across the drain and source (VDS = 1V). The device exhibited p-doped behavior:
the Dirac voltage is positive 1.3 V, and the saturation current for the VGS < Vdirac
side of the transfer curve (∼ 27 mA), where holes are the primary charge carriers, is
greater than the saturation current for the VGS > Vdirac side of the transfer curve (∼
14 mA), where electrons are the majority carrier. This suggests that the
concentration of p-type dopants (p0 ) is greater than the concentration of n-type
dopants (n0 ) [60]. As expected, the saturation current increases with increasing VDS
(see Figure 3-13).

67

Figure 3-12: Transfer function of a GNS-FET with filtered graphene flakes converted
to GNS through the silver-assisted method used as the channel material.

Figure 3-13: Hole majority carrier side of the transfer functions of the same device
presented in Figure 3-12 with various drain-source voltages showing an increase in
saturation current with increasing VDS .
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This device suffers from a poor on-off ratio, as can be seen in Figure 3-14.
The ratio improves slightly with increasing VDS , but is still on the order of ∼ 101 at
VDS = 5V. The ratio is so poor at low VDS such as 1 V because the FET is not
completely on at VGD = −1V (refer again to Figure 3-12). Due to the positive
shift in the Dirac point voltage (VDirac ), the minimum of current IDS actually occurs
at a VGS greater than VDD . Thus, the FET is not as “off” as it could be at
VGS = VDD (refer again to equation 3.10). Designing circuits with these GNS-FETs
such that the voltage applied to the gate to turn the device off is equal to the Dirac
point voltage (VGS,of f = VDirac ) would be a simple technique to achieve on-off ratios
that are an order of magnitude better. This would result in a redefinition of
equation 3.10 to
IP F ET,of f = IDS (VGS = VDirac ).

(3.13)

Figure 3-15 shows the improvement in on-off ratio that could be achieved from
this simple technique.
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Figure 3-14: On/off ratios measured for an FET with a channel of GNS fabricated
through the silver-assisted method with additional filtration.

Figure 3-15: Improved on/off ratios that can be achieved through circuit design
that turns the GNS-FET off with a gate voltage equivalent to the Dirac voltage.
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3.4.3

GNS-FET with GNS made through the Solvent-Induced Self-Assembly

Method
A GNS-FET was fabricated and characterized using GNS fabricated through
the SISA technique (see Section 2.3.2) as the channel material. Aside from simply
evaluating how GNS fabricated through this technique perform, the main purpose of
this study was to determine what effect the silver nanoparticles that decorate the
GNS as a result of the silver-assisted method have on device behavior. It should
also be considered here that GNS fabricated via the SISA technique have larger
diameters than all of the other fabrication techniques evaluated herein. Figure 3-16
shows the transfer curve (IDS vs VGS ) of a typical device with a SISA GNS channel.

Figure 3-16: Typical transfer curve for an FET with GNS made via the SISA
method as the channel.
In comparing this transfer curve to that of the filtered Ag-GNS channel
device shown in Figure 3-12, the most notable difference is that of the lack of
conduction (IDS ≈ 0) for all gate voltages above the threshold voltage (VGS > VT ).
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This is characteristic of a unipolar device [33]. Another difference is that the
magnitude of the turn-on voltage is higher. Figure 3-17 shows the IDS vs VGD
transfer curves for various different drain-source voltages. Figure 3-18 shows the
IDS vs VDS curves for various gate voltages. Figure 3-19 shows the on/off ratios
measured for various different VDS . These are significantly better (2-3 orders of
magnitude) than that observed for the Ag GNS-FETs. The best on/off ratio, which
was slightly above 104 was observed at VDS = 3 V, suggesting that this would be
near the optimal operating voltage for digital applications. This is good, as 3.3 V is
a common VDD used in digital logic.

Figure 3-17: Typical transfer curves for an FET with GNS made via the SISA
method as the channel.
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Figure 3-18: Typical IDS vs VDS characteristics for an FET with GNS made via
the SISA method as the channel.

Figure 3-19: On/off ratio vs VDS for an FET with GNS made via the SISA method
as the channel.
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3.4.4

Density Study
The effects of the density of GNS in the FET channel on key device

parameters were studied. All devices fabricated for this study had a gate oxide of
300 nm, a channel length of 100 µm, and a channel width of 700 µm. Samples of
filtered Ag-GNS with varying densities were deposited into the channels of the
devices. These devices were characterized with a VDD of 1 V. The density of a GNS
sample was determined via use of a Quartz Crystal Microbalance (QCM). QCMs
are capable of measuring mass on the order of nanograms by observing the shift in
oscillation frequency in a quartz crystal. The Sauerbrey equation (3.14) relates this
shift in frequency to a change in mass (∆m) where ∆f is the frequency shift, f0 is
the resonant frequency, A is the area of the electrode, ρq is the density of quartz,
and µq is the shear modulus of quartz [71].
2f 2
∆f = − √ 0 ∆m
A ρq µq

(3.14)

All filtered Ag-GNS devices in this study were found to exhibit p-doped
behavior with a Dirac point (Vdirac ) of approximately 1.25 V and a threshold voltage
(VT ) of approximately −0.1 V. Note that the highest density data points obtained in
this study correspond with the device whose transfer curve is shown in Figure 3-12.
It was observed that the carrier mobilities increase with increasing density of
GNS in the FET channel (Figures 3-20 and 3-21). Curve fitting of the measured
data points shows a power law relation in the tested range of densities, 1 - 15
mg cm−2 . At a density of approximately 7 mg cm−2 , devices began to show hole
mobilities exceeding 2 × 105 cm2 V−1 s−1 , which is the theoretical limit of intrinsic
diffusive mobility in high quality graphene [72]. The electron mobilities begin to
exceed 2 × 105 cm2 V−1 s−1 at a density of approximately 12 mg cm−2 . This suggests
that ballistic transport is occurring. When mobilities exceed the diffusive limit,
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charge transport has entered the ballistic regime [73]. The possibility of ballistic
transport as well as semi-ballistic transport in graphene nanoscrolls was predicted in
analytical studies of carrier generation in GNS [74]. It is notable that these
mobilities are being observed at room-temperature and in a device with a channel
length of 100 µm. Traditionally, ballistic transport in semiconductors requires
ultra-low temperatures and nanoscale dimensions [75]. Research has shown that
electrons in graphene nanoribbons can travel hundreds of microns without
scattering [76]. Room-temperature ballistic transport has also been demonstrated in
other devices that utilize graphene nanostructures [77].

Figure 3-20: Hole mobility vs density of GNS in the channel for FETs with GNS
made via the silver-assisted method with additional filtration.
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Figure 3-21: Electron mobility vs density of GNS in the channel for FETs with
GNS made via the silver-assisted method with additional filtration.
3.4.5

Insights from Comparison of Samples Prepared with GNS Synthesized

by Different Techniques
In comparing the GNS-FETs that were fabricated and tested with GNS that
were synthesized through the SISA method, the silver-assisted method, and the
silver-assisted method with extra filtration, several insights arise. First, the
differences between the GNS channel material should be noted. The characteristics
of the GNS channel material of interest are the density of residual graphitic chunks,
the density of Ag nanoparticles that decorate the GNS, and the diameters of the
GNS. In all GNS synthesis processes, the graphene flakes were filtered through
200 µm filters before scrolling, removing most of the residual graphitic chunk
content. The SISA and silver-assisted method with extra filtration processes
involved an additional filtration step in which the graphene flakes were filtered
through a 200 nm filter before scrolling. This additional filtration removed nearly all
of the remaining graphite chunks and also removed larger diameter graphene flakes.
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Furthermore, the reduction of carbon nanomaterials with this extra filtration step
leads to a higher density of Ag nanoparticles in the GNS end product as compared
to the original silver-assisted method. Also recall from the presentations of these
fabrication techniques in Chapter 2 that GNS made through the SISA technique
had the largest diameters observed and that GNS made through the silver-assisted
method had a high propensity for grouping in aligned bundles. Table 3-1
summarizes these qualitative comparisons on parameters for the three different GNS
synthesis processes used in GNS-FET sample preparation. It is believed that these
characteristics are the root causes in the differences in behavior observed in the
GNS-FET samples.
Table 3-1: Qualitative comparison of characteristics that directly relate to the behaviors and characteristics observed for the GNS synthesized through the three different processes used in creating GNS-FET samples.

Solvent-Induced
Self Assembly

Silver-Assisted
Method

Silver-Assisted
Method with
Extra Filtration

Graphitic Chunk
Content

near zero

low

near zero

Graphene Flake
Diameter

smaller

larger

smaller

Ag Nanoparticle
Content

none

some

more

GNS Bundling

none

high

high

GNS Diameter

large

small

smallest
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Based on the matrix presented in Table 3-1, conclusions can be drawn about
the root causes of the different behaviors observed. The initial resistive behavior of
the GNS-FETs observed in the samples that used GNS synthesized through the
original silver-assisted method that required burnout to mitigate was not observed in
the samples prepared with GNS synthesized through the other techniques. This was
likely caused by the higher residual graphite chunk content and could have also been
affected by the larger size of the graphene flakes that were scrolled in this process.
The magnitudes of the threshold voltages for the GNS-FET samples that
were made using the SISA process, the silver-assisted method, and the
silver-assisted method with additional filtration were ∼10 V, ∼5 V, and ∼0.1 V,
respectively. It is believed the increases in the density of Ag nanoparticles plays the
largest role in decreasing the magnitude of the threshold voltage. Studies have
shown that decoration of CNTs used for making CNT-FETs with noble metal
nanoparticles that exhibit plasmonic features brings the threshold voltage of these
devices closer to zero and that increasing the density of this decoration further
decreases the magnitude of the threshold voltage [78]. The high tendency for
bundling present in GNS synthesized via the silver-assisted method also likely
contributes to the reduction in turn-on voltage magnitude. It has been reported
that increased bundling of CNTs in CNT-FETs result in the threshold voltage
shifting towards zero which was likely caused by increased accumulation of trapped
charges at the bundle-dielectric interface [79]. The diameter of GNS could also
potentially play a role in threshold voltage reduction, as a reduction in threshold
voltage was observed here with decreasing GNS diameter.
3.5

Summary

FETs were fabricated and tested that used GNS synthesized via the SISA
method, the silver-assisted method, and the silver-assisted method with additional
filtration. Extraordinarily high current densities of 2.8 · 106 A/cm2 were presented.
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It was shown that carrier mobilities exceeding the theoretical limit of intrinsic
diffusive mobility in high quality graphene were attainable with densities of GNS in
the channel exceeding a measured and presented threshold. This suggests that
ballistic transport is occurring at room temperature in these relatively long, 100 µm
channel devices. The GNS-FETs were observed to have poor on/off ratios, which is
typical of carbon-based electronics. This limits their application to digital logic
applications. However, the extraordinary sensitivity to external stimuli exhibited by
these devices make them ideal for sensing applications.

CHAPTER 4
GNS-FET RADIATION SENSORS
Graphene radiation sensors [80, 81, 82] as well as CNT radiation sensors
[83, 84, 85] have been presented, but GNS have yet to be applied for the detection
of ionizing radiation. Herein, sensors for X-ray, gamma-ray, and neutron radiation
are presented that are created by functionalizing GNS with nanoparticles known to
have high interactions with these radiation species and using the functionalized GNS
as a channel material in a back-gated FET. These sensors can be fabricated through
simple, traditional techniques and are inexpensive to manufacture. They consume
extraordinarily low levels of power (tens of nanowatts to several microwatts) and
only require a simple analog-to-digital converter (ADC) to measure.
4.1
4.1.1

Relevant Background

Gamma Ray Interactions with Matter
While a large variety of interaction mechanisms exists between gamma rays

and matter, only three types are of direct relevance here – photoelectric absorption,
Compton scattering, and pair production – which all lead to partial or complete
transfer of photon energy to electron energy [38].
In photoelectric absorption, the photon is entirely absorbed by the atom and,
as a result, an electron is ejected from one of the atom’s bound shells, most
probably the K shell. The resulting photoelectron’s energy is given by

Ee− = hν − Eb
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(4.1)
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where h is the Plank constant, ν is the frequency of the incident gamma ray, and Eb
is the binding energy of the photoelectron in its original shell. Photoelectric
absorption is the dominant mode of interaction for gamma rays of relatively low
energies [38].
Compton scattering is the dominant mode of interaction for gamma rays
with energies characteristic of radioisotope sources. Under Compton scattering, the
incident gamma photon transfers a portion of its energy to an electron in the
absorbing material and is deflected. The energy transferred to a free electron in
Compton scattering is given by
"

1
∆E = hν − hν ′ = hν 1 −
hν
1 + m0 c2 (1 − cosθ)

#
(4.2)

where hν is the energy of the incident photon, hν ′ is the energy of the scattered
photon, m0 is the rest-mass energy of the electron (0.511 MeV), and θ is the angle of
deflection. Probability of Compton scattering depends on the number of electrons
available as scattering targets and thus increases linearly with Z [38].
Pair production can occur when the energy of incident gamma photons
exceeds twice the rest-mass energy of an electron (1.02 MeV). This interaction takes
place in the coulomb field of a nucleus; the gamma photon disappears and is
replaced by a electron-positron pair. Energy carried by the photon in excess of the
1.02 MeV threshold is translated into kinetic energy shared by the produced
particles. At gamma ray energies only a few hundred keV above the production
threshold, only a small probability exists for pair production to take place.
However, this interaction mechanism becomes dominant as gamma photon energies
increase into the many MeV range. Additionally, the probability of pair production
increases approximately with the square of the Z of the absorber material [38].
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Lead is a traditional material used in radiation absorption/shielding due to
its high density, high atomic number, and high linear and mass attenuation
coefficients. As previously stated, high atomic number elements make effective
gamma absorbers as the probability of absorption increases with Z for photoelectric
absorption, Compton scattering, and pair production. Gamma ray attenuation also
depends on the density of the elements in the absorbing material as, intuitively,
there is a higher probability of the incident photons to interact with a material
whose atoms are tightly-packed [86]. Figure 4-1 shows the mass attenuation and
mass energy-absorption coefficients for lead.

Figure 4-1: The mass attenuation and mass energy-absorption coefficients for lead
(Pb) [87].
4.1.2

Photon Interactions with Nano-Carbon Allotropes
Multiple studies have been presented in literature on the mass attenuation

coefficients of nano-carbon allotropes [88, 89]. Mass attenuation essentially describes
the rate of photon interactions per unit area mass. It considers all interactions
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whether energy is absorbed or not: coherent scattering (e.g. Rayleigh),
photoelectric, Compton, and pair production [90]. Carbon nanostructures exhibit
significantly increased mass attenuation coefficients over their bulk counterpart,
graphite. MWCNTs have the highest mass attenuation coefficient. In fact, it is
significantly higher than that of lead, which is known for its great X-ray and gamma
ray attenuation [88, 89]. Figure 4-2 compares the mass attenuation coefficients of
MWCNTs, SWCNTs, lead, and graphite at frequencies characteristic of typical
gamma sources. While studies in which the mass attenuation coefficients for GNS
have yet to be presented, qualitative insight can be gained from these studies when
considering the great similarities in morphology between GNS and MWCNTs as
both are multi-layered cylindrical carbon nanostructures. Thus, it can be expected
that GNS have mass attenuation coefficients very similar to that of MWCNTs.

Figure 4-2: Comparison of the mass attenuation coefficients for MWCNTs,
graphene, SWCNTs, lead, and graphite at frequencies characteristic of typical gamma
sources. Data from [88].
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While conventional theory, which simply provides that mass attenuation
coefficients are inherent of the elements contained within a material, cannot explain
the large differences in mass attenuation coefficients between different carbon-based
nanomaterials, a theory has been suggested. It is proposed that this is due to the
fact that the concentric tubes that make up a MWCNT each have a different
curvature, which leads to the carbon atoms contained within to not be embedded
periodically. This can induce significant electron population fluctuations which can
increase the polarization factor, which can lead to enhanced X-ray and gamma ray
absorption [89]. This theory would also apply to GNS, which have a gradient
curvature from the outermost edge to the innermost edge.
4.1.3

Neutron Interactions with Matter
Neutrons interact with matter in one of two ways: they are simply scattered

off the nucleus or are absorbed into the nucleus. Scattering interactions can either
be elastic or inelastic, and absorption interactions can either result in the emission
of gamma rays / subatomic particles or cause the nucleus to undergo fission. The
probability of a neutron interacting with the nucleus of any given atom is referred to
as the element’s neutron cross section, σ, which has units of area. The neutron cross
section is often subdivided into the scattering and absorption cross sections (σS and
σA , respectfully) the sum of which is referred to as the total cross section (σT ). In
practical applications, this value needs to be translated into a probability that a
neutron will interact with a given volume of an element, the so-called macroscopic
cross section (Σ). Thus the elemental neutron cross section is also often referred to
as the microscopic cross section. The macroscopic cross section is simply the
product of the atomic density of material (N ) and the microscopic cross section,

Σ = N σ,

(4.3)
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and has units of inverse length. As such, the macroscopic cross section can be
thought of as the probability of reaction per unit of length traveled by the neutron
[91]. Reaction rates can be calculated from these cross sections and the neutron flux,
ϕ, which is the total length traveled by all free neutrons per unit time and volume:
reaction rate density = ϕΣ.

(4.4)

The neutron flux and neutron cross sections are energy dependent quantities, thus
the reaction rate density becomes the integral
reaction rate density =

Z

∞

ϕ(E)Σ(E)dE [38].

(4.5)

0

Gadolinium, a rare earth element, has the highest interaction probability
with thermal neutrons. Gd-157, which makes up 15.65% of natural Gd and is
stable, has a neutron cross section of 254,000 barns (1 barn = 10−24 cm2 ) for
thermal neutrons (∼ 25 meV). Gd-155, comprising 14.8% of natural Gd and also
stable, has a neutron cross section of 60,900 barns (b) for thermal neutrons.
Figure 4-3 shows the total neutron cross-sections for Gd-155 and Gd-157 for
incident neutrons with energies ranging from 10 µeV to 20 MeV. Gadolinium is often
used as a neutron converter in nuclear instrumentation with reaction products being
prompt photons and electrons. Gd-155 and Gd-157 undergo an isotopic change of
the nucleus from one stable isotope to another through neutron capture:
155
64 Gd

∗
156
+10 n →156
64 Gd →64 Gd + RP

(4.6)

157
64 Gd

∗
158
+10 n →158
64 Gd →64 Gd + RP

(4.7)

with the reaction products (RP) being prompt gamma rays, internal conversion
electrons, X-rays and/or Auger electrons. Previous works in developing
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semiconductor-based neutron detectors have involved covering a radiation sensor
with a layer of Gd [92].

Figure 4-3: Total neutron cross-sections for Gd-155 and Gd-157 [93].
4.1.4

Neutron Moderation
Fast neutrons lose some energy in each scattering interaction, slowing to

lower energies. This is known as neutron moderation. A nucleus to which a
significant amount of kinetic energy of a fast neutron has been transferred is called a
recoil nucleus. In a reference frame in which the target nucleus is considered to be
at rest before the collision, the energy of the recoil nucleus is

ER =

4A
cos2 θEn
(1 + A)2

(4.8)

where ER is the energy of the recoil nucleus, En is the energy of the incident
neutron, θ is the scattering angle of the recoil nucleus, and A is the ratio of the mass
of the target nucleus to the mass of a neutron. From this equation, it can be shown
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that the maximum recoil energy occurs with a scattering angle of zero (θ = 0):

ER |max =

4A
En
(1 + A)2

(4.9)

Notice that for increasing target nucleus mass, the maximum energy of the recoil
nucleus decreases. In other words, the maximum amount of energy that can be
transferred from a fast neutron to a recoil nucleus decreases as the mass of the
target nucleus increases. Because an ordinary hydrogen nucleus (11 H) has very
similar mass to a free neutron, a fast neutron can lose all of its energy in a single
collision with a hydrogen nucleus. This makes hydrogen the most efficient
moderator. As such, materials containing large amounts of hydrogen (e.g. water,
concrete, paraffin) are often used as neutron moderators. A form of plastic known
as high density polyethylene (HDPE) offers the best moderation per unit weight of
common materials [38].
4.1.5

X-Ray Tube Operation and Theory
An X-ray tube accelerates electrons into a solid target, generating X-rays

characteristic of the target and bremsstrahlung X-rays. An X-ray tube with a
maximum operating voltage of 50 kV like the one used herein cannot produce X-rays
with energies above 50 keV, and the characteristic X-rays of tungsten have energies
greater than 50 keV. Thus, only bremsstrahlung X-rays will be generated by this
setup. The X-ray emission spectra of bremsstrahlung X-rays produced by an
electron hitting a solid target is described by Kramers’ law:

dI(λ) = kZi

λ
λmin


1
−1
dλ
λ2

(4.10)

Here, I is the intensity (photon count) of emitted radiation, λ is the wavelength of
emitted radiation, Z is the atomic number of the target material, i is the X-ray tube
beam current, and λmin is the minimum wavelength of emitted radiation [94]. It can
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be shown from equation 4.10 that peak intensity will occur at 2λmin , i.e.

dImax = dI(2λmin ).

(4.11)

The minimum wavelength of emitted radiation (λmin ) is determined by the
Duane-Hunt law,
λmin =

hc
,
qV

(4.12)

where h is Planck’s constant, c is the speed of light in a vacuum, q is the elementary
charge, and V is the X-ray tube operating voltage. By substituting the relation
E = hf = hc/λ into equation 4.12, it can be shown that the max energy of emitted
X-rays (Emax ) in electron volts is equal to the X-ray tube operating voltage in volts
[95]. This same relation can be substituted into equation 4.11 to show that the most
frequent energy of bremsstrahlung X-rays is Emax /2.
Figure 4-4a shows the intensity distribution of bremsstrahlung radiation vs
wavelength as provided by Kramers’ law (equation 4.10) plotted for different X-ray
tube operating voltages with operating current held constant. Figure 4-4b is the
same distributions converted to show the intensity distribution vs X-ray energy.
Note that with increasing operating voltage, the minimum wavelength of emitted
X-rays decreases and the maximum energy of emitted X-rays increases. It can also
be clearly seen from both graphs that the net photon count (integral of the curve)
also increases with increasing operating voltage. Figures 4-5a and 4-5b show the
intensity distribution of bremsstrahlung radiation vs wavelength and energy,
respectively, as provided by Kramers’ law for different X-ray tube operating currents
with the operating voltage held constant. As the intensity distribution is
proportional to the X-ray tube operating current, i.e. dI ∝ i, the distributions
simply scale up with increasing operating current. Note that, as discussed
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previously, only bremsstrahlung radiation will be emitted from this test setup, so
these intensity distributions represent that of the X-rays used for testing herein.

(a)

(b)

Figure 4-4: Relative intensity vs (a) wavelength and (b) energy for an X-ray tube
operating at various voltages.
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(a)

(b)

Figure 4-5: Relative intensity vs (a) wavelength and (b) energy for an X-ray tube
operating at various currents.
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4.1.6

Cobalt-60 as a Gamma Source
Cobalt-60 (Co-60,

60
27 Co)

is one of the most commonly used radioactive

sources of gamma-rays. It is artificially made by bombarding cobalt-59 or nickel-60
with neutrons in nuclear reactors and has a half-life of 5.271 years. Radioactive
cobalt-60 undergoes beta minus (β − ) decay, emitting a beta particle and an electron
antineutrino (ν¯e ), and decays to a nuclear excited state of nickel-60 (Ni-60). The
activated Ni-60 emits gamma-ray photons (γ) with energies of 1.17 MeV and
1.33 MeV as it transitions to its ground state [96]. Figure 4-7 is the photon energy
spectrum of Co-60 as measured by a high purity germanium (HPGe) sensor with
clearly visible peaks at 1.17 MeV and 1.33 MeV. The overall decay reaction is
described by Figure 4-6 and the following equation:
60
27 Co

−
→60
28 Ni + β + ν¯e + 2γ(1.17 MeV, 1.33 MeV).

Figure 4-6: Decay scheme of cobalt-60.

(4.13)
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Figure 4-7: Cobalt-60 photon energy spectrum measured with a High Purity Germanium (HPGe) sensor [97].
4.1.7

Californium-252 as a Neutron Source
Californium-252 (Cf-252,

252
98 Cf)

is the most widely used source of neutrons.

It has two decay modes: 96.9% of the time Cf-252 undergoes alpha decay
(α-emission) and the remaining 3.1% of the decays are spontaneous fission. Through
spontaneous fission, Cf-252 decays into a strontium-94 atom and a neodymium-154
and emits four neutrons:
252
98 Cf

0
154
→98
38 Sr +60 Nd + 4n .

The energy spectrum of neutrons emitted from Cf-252 is shown in Figure 4-8. The
average energy of the emitted neutrons is 2.1 MeV. The rate of spontaneous fission
of Cf-252 is unusually high, and it yields neutrons abundantly. With 1 mg of Cf-252,
neutrons will be emitted at an average rate of 2.3 × 109 neutrons/s. This makes
Cf-252 a good source for high-intensity neutron research, but its short half-life of 2.6
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years make maintaining the intensity difficult. Cf-252 also emits a large amount of
gamma-rays, but it is considered to be a moderately clean source of neutrons as the
intensity of gamma emissions is an order of magnitude lower that that of its neutron
emissions. [96, 98].

Figure 4-8: Energy spectrum of fission neutrons emitted from californium-252. Data
from [99]
4.1.8

Conversion of Dose Equivalent to Neutron Fluence
The neutron testing facility at the Health Physics Laboratory at Savannah

River National Laboratory (SRNL) reports the dose equivalent rate of neutrons
during testing. Dose equivalent accounts for the differences in biological effects in
the various types of radiation by multiplying absorbed dose by quality factors and
has units of rem or sievert. This allows for doses from different radiation to be
combined into a single quantity [100]. However, neutron fluence is a more
meaningful metric of total dose when exploring the performance of a neutron sensor.
Effects of neutron interactions with electronics are also typically reported in terms
of neutron fluence. Neutron fluence has units of neutrons/cm2 and is the total
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amount of neutrons that have passed through a unit surface area. Neutron dose
equivalent is energy dependent whereas neutron fluence is not. The quality factor vs
neutron energy for converting between absorbed dose and equivalent dose is shown
in Figure 4-9, and the conversion factor vs neutron energy for converting between
neutron fluence and equivalent dose is shown in Figure 4-10.

Figure 4-9: Quality factor vs neutron energy for conversion between absorbed dose
and equivalent dose. Data from [101].
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Figure 4-10: Conversion factor vs neutron energy for conversion of equivalent dose
to neutron fluence. Data from [101].
In order to obtain the neutron fluence from the facility reported equivalent
dose, the energy spectrum of neutrons emitted from the Cf-252 source (Figure 4-8)
had to be considered. In considering the probability distribution that is the
spectrum, it was determined that for Cf-252 there is approximately
2.6614 × 107 neutrons/cm2 of neutron fluence per unit rem. This quantity was
obtained by integrating the product of the probability distribution function of
Cf-252’s fission neutron emission energy and the neutron energy dependent
conversion factor function over the interval 0 MeV to 100 MeV. Had only the mean
energy of 2.1 MeV been considered, there would have been an error in conversion of
approximately 7.65%.
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4.2
4.2.1

Radiation Testing

Device Fabrication
The devices fabricated for testing herein were fabricated the same way as the

normal GNS-FETs which was described previously in Section 3.3 with an additional
step of functionalizing the GNS with metal oxide nanoparticles. Pb2 O3 was used for
X-ray and gamma ray studies, and Gd2 O3 was used for neutron studies The
functionalized GNS were then drop-cast into the channel of the device.
The compositions of the material deposited on each chip were characterized
via Energy-dispersive X-ray spectroscopy (EDS) in order to measure the
concentration of lead in the Pb2 O3 -GNS mixture. Figures 4-11 - 4-18 show the
characteristic X-ray energy spectra measured via EDS for the Pb-functionalized
samples tested against X-rays and gamma ray and the Gd-functionalized samples
tested against neutrons. Tables 4-1 - 4-8 quantify these results in terms of
normalized mass percentage and normalized atom percentage. Note that the silver
is present because GNS fabricated via the silver-assisted method were used, and the
sodium and sulfur are present as a result of fabricating the graphene flakes in
sodium dodecyl sulfate. These samples will henceforth be referred to by their mass
percentages as opposed to their sample label.
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Figure 4-11: EDS spectrum of sample P2.
Table 4-1: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample P2.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

4.47

24.81

36.01

1.33

29.84

Oxygen

9.14

50.72

55.25

2.29

25.04

Sodium

1.34

7.45

5.65

0.23

16.93

Sulfur

0.39

2.16

1.18

0.07

17.34

Silver

1.54

8.57

1.38

0.12

7.63

Lead

1.13

6.28

0.53

0.29

25.21
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Figure 4-12: EDS spectrum of sample P3.
Table 4-2: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample P3.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

2.29

18.94

40.84

0.49

21.54

Oxygen

3.00

24.81

40.26

0.59

19.79

Sodium

0.78

6.45

7.23

0.09

11.95

Sulfur

0.38

3.14

2.53

0.04

11.05

Silver

3.48

28.78

6.91

0.14

4.06

Lead

2.16

17.87

2.23

0.11

5.10
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Figure 4-13: EDS spectrum of sample P3.
Table 4-3: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample P4.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

2.61

13.55

38.62

0.54

20.52

Oxygen

3.87

20.09

43.02

0.73

18.77

Sodium

0.46

2.39

3.54

0.07

15.24

Sulfur

0.04

0.21

0.21

0.00

8.56

Silver

5.17

26.84

8.52

0.20

3.86

Lead

7.11

36.92

6.09

0.29

4.04
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Figure 4-14: EDS spectrum of sample P5.
Table 4-4: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample P5.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

4.22

13.49

37.60

0.83

19.59

Oxygen

6.02

19.25

40.28

1.09

18.16

Sodium

1.80

5.75

8.39

0.18

9.95

Sulfur

0.89

2.85

2.97

0.06

7.15

Silver

2.73

8.73

2.70

0.12

4.38

Lead

15.62

49.94

8.06

0.60

3.83
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Figure 4-15: EDS spectrum of sample GD1.
Table 4-5: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample GD1.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

5.05

19.32

28.75

1.44

Oxygen

14.55

55.73

62.24

2.90

19.91

Sodium

1.90

7.29

5.67

0.25

13.30

Sulfur

0.62

2.36

1.32

0.07

11.99

Silver

1.41

5.39

0.89

0.11

7.52

Gadolinium

2.59

9.90

1.13

0.18

7.13
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Figure 4-16: EDS spectrum of sample GD2.
Table 4-6: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample GD2.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

4.92

15.18

26.04

1.53

30.98

Oxygen

15.99

49.32

63.50

3.27

20.47

Sodium

2.18

6.73

6.03

0.29

13.18

Sulfur

0.19

0.57

0.37

0.04

22.38

Silver

1.96

6.04

1.15

0.13

6.76

Gadolinium

7.13

22.16

2.90

0.38

5.24
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Figure 4-17: EDS spectrum of sample GD3.
Table 4-7: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample GD3.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

4.89

11.93

22.91

1.45

29.70

Oxygen

18.18

44.34

63.93

3.28

18.06

Sodium

3.08

7.52

7.55

0.35

11.23

Sulfur

0.13

0.32

0.23

0.04

31.20

Silver

0.69

1.68

0.36

0.08

11.99

Gadolinium

14.03

34.21

5.02

0.53

3.77
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Figure 4-18: EDS spectrum of sample GD4.
Table 4-8: EDS data quantified in terms of normalized mass percentage and atom
percentage for sample GD4.
Element

Mass [%]

Mass Norm. [%]

Atom [%]

Abs. Error [%]

Rel. Error [%]

Carbon

6.19

10.73

25.47

1.55

24.99

Oxygen

19.75

34.23

61.01

3.41

17.24

Sodium

1.41

2.44

3.02

0.17

12.05

Sulfur

0.45

0.78

0.69

0.05

11.95

Silver

2.85

4.94

1.30

0.15

5.16

Gadolinium

27.06

46.89

8.50

0.87

3.21

4.2.2

X-Ray Test Setup
An Oxford Instruments Neptune 5200 X-ray tube with a tungsten target was

used to generate X-rays. The Neptune 5200 X-ray tube has an operating range of 10
to 50 kV, a maximum power of 100 kW, and a maximum beam current of 2 mA
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[102]. The X-ray tube is mounted onto a lead enclosure. Cabling was run into the
enclosure to perform in situ electrical measurements. Electrical measurements were
taken with a Keithley sourcemeter and a DC power supply that were controlled via
custom MATLAB programs that communicated to the electrical test equipment via
the SCPI protocol, similar to the setup used for FET characterization described in
Section 3.2. The device under test was approximately 4 cm from the X-ray tube
window for all tests.
In order to perform studies in which the net photon counts (intensities) were
constant but the maximum X-ray energy was varied, the currents needed to scale
the emitted X-ray spectral distribution had to be determined. Note that due to the
relations previously discussed, studies varying the maximum X-ray energy also vary
the most frequent (peak) X-ray energy and the width of the spectral distribution.
Table 4-9: Currents required to perform X-ray intensity constant studies with the
X-ray tube used herein.
Current
[mA]

10

20

30

40

10

2

-

-

-

20

0.25

2

-

-

30

0.07

0.59

2

-

40

0.03

0.25

0.84

2

50

0.02

0.13

0.43

1.02

Voltage [kV]
4.2.3

Voltage Matched [kV]

Radioisotope Test Setup
The GNS-FET-based radiation sensor devices were tested at Savannah River

National Laboratory (SRNL) Health Physics Calibration Lab. Gamma testing was
performed with a Co-60 source. Neutron testing was performed with a Cf-252
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source. Dose rates for all devices under test were calculated for each test.
Figure 4-19 shows photographs of the test setups used for neutron testing with the
HDPE moderator and for gamma testing. The neutron test setup without the
moderator was very similar: the piece of HDPE was removed and the sample was
moved closer to the source. Figure 4-20 shows photographs of the control system
for the neutron irradiator at SRNL; the neutron sensing ship can be seen under test
on the video monitors. A similar station exists for the gamma irradiator.
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(a)

(b)

Figure 4-19: Photos of the test setups for (a) neutron testing with the HDPE
moderator and (b) gamma testing.
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(a)

(b)

Figure 4-20: Neutron irradiation controls at SRNL Health Physics Calibration
Laboratory. The GNS-FET-based neutron sensor can be seen under test on the video
monitors.
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The test circuit used in all neutron testing is depicted in Figure 4-21. The
GNS-FET-based radiation sensors behave similarly to P-channel MOSFETS, thus
the symbol choice. The supply voltage VS and the gate voltage VG were selected for
each device based on the operating point determined to provide the highest current
during pre-test characterization. A resistor was placed between drain and ground to
create a voltage for measurement by an analog-to-digital converter (ADC). The
ADC was onboard a Zybo development board which also contains a Xilinx Zynq
7020 SoC (Arm processor coupled with an FPGA). This ADC can take as many as
4 billion measurements per second with 12-bit resolution. Considering the 1 V range
for measurements, this translates to a 244 µV resolution. The development board
was programmed such that measurements were taken by a 16 sample average. This
gives a time step of 32 µs. Data was transmitted live to a laptop external to the
irradiation chamber via UART. This setup was also used for some gamma tests.
Other gamma testing was performed with a setup similar to that used in the X-ray
test setup.

VS
GNS-FET
VG
R

ADC

Zynq-7020 SoC

Figure 4-21: Schematic of test circuit in which an FPGA was used to monitor the
GNS-FET radiation sensors.
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4.2.3.1

Field Programmable Gate Array Test Platform
Live testing of electronics in radiation environments can be challenging.

Placing electronic test equipment inside of the test chamber is not ideal, as
radiation effects can occur in the instrumentation that can affect integrity of
collected data and even damage the equipment. Often, very long cabling must be
run from the devices under test out of the test chamber which gives rise to signal
integrity issues. Sometimes cabling can not be run out of the test chamber at all. In
this work, these issues were overcome by design and use of a field programmable
gate array (FPGA) tester. FPGAs are very versatile devices that are perfect for
edge computing applications such as this. They are essentially customizable blocks
of logic with programmable interconnects that allow designers to define custom
digital logic circuitry, set the FPGA up to realize that circuitry, and redefine
configuration as needed. Modern FPGAs often have dedicated circuits built-in for
commonly needed tools such as an ADC, digital signal processor, and even an ARM
processor. Development boards can be found with nearly any interface that might
be needed (e.g. ethernet, HDMI, USB, etc). However, FPGAs are certainly not
immune to radiation effects, so a significant amount of test preparation herein was
necessary to greatly reduce the probability of the FPGA tester malfunctioning.
Modern FPGAs are based on static random access memory (SRAM) which
enables their reconfigurability. SRAM-based FPGAs can be extremely vulnerable to
radiation effects, both SEE and total ionizing dose (TID) effects. While TID effects
are generally observed as gradual degradation of device performance, SEE can
manifest as bit flips in memory (single event upset) and many flavors of functional
interruptions (single event functional interrupt). A single event upset (SEU) can
lead to the alteration of stored data. As the configuration of SRAM-based FPGAs
are stored in SRAM bit cells, an SEU can actually result in changes in the FPGA’s
configuration memory (CRAM) and therefore its user-defined programming [103].
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As such, several steps were taken to mitigate the possibility of such events in the
SRAM-based FPGA that was used as the testing platform herein. First and
foremost, an FPGA whose neutron vulnerabilities had previously been deemed to be
low was used. A CRAM-scrubber was setup and deployed which was designed to
continuously scan the CRAM of the FPGA for errors and fix any errors encountered
using error correction code. The entire CRAM was checked every 8 ms and errors
were correctable as long as two adjacent bits in a single data word had been upset.
As a final measure, the FPGA was positioned in the test chamber in a way that
would minimize the amount of neutron fluence it received (e.g. as far from the
source as possible). This strategy ensured that oddities in measurements taken by
the FPGA tester were behavior experienced by the GNS radiation sensors being
tested and not merely radiation effects manifesting in the FPGA [104].
4.3
4.3.1

Results and Discussion

X-Ray Test Results and Discussion
Pb-functionalized GNS-FETs with differing concentrations as well as an

Ag-GNS sample and a SISA-GNS sample were characterized against X-rays using
the setup described in Section 4.2.2. Studies were performed to evaluate the effect
of the peak X-ray energy on the device current, the change in device current with
accumulated dose, and the effect that the applied gate voltage has on dose induced
device current change.
Upon exposure to X-rays, the device current immediately increased for all
samples tested. This is likely due to the large amount of photoelectric absorption
interactions that occur at these photon energies. The effect of changing the peak
X-ray energy on this current increase was studied by exposing the 18 Pb mass %
Pb-GNS device to X-rays, sweeping the operating voltage of the X-ray tube, and
keeping the X-ray flux constant. The X-ray flux was held constant by adjusting the
operating current to the values developed for matching X-ray flux presented in
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Table 4-9. Figure 4-22 shows the results of these tests. The leftmost data point of
each curve is the operating voltage at which the max operating current (2 mA) was
used and to which the X-ray flux was matched for all the other data points in the
curve. The current through the device trends higher with lower peak (most
frequent) photon energies, representing more electrons being emitted from the
bound shells of the atoms within the device materials from photoelectric absorption
interactions. This is consistent with the trend of increased mass energy-absorption
coefficient with lower photon energy for all the materials within the device. One
data point, that of the device current with a 5 keV peak X-ray energy, deviates from
this trend in that it is slightly lower than the 10 keV peak X-ray energy data point
from the same curve (matched intensity). This is likely due to the X-ray tube being
operated at its minimum operating voltage for collection of this data point.

112

Figure 4-22: Results of the study to evaluate the effect of the peak X-ray energy on
the increased device current. Each curve represents a different level of X-ray intensity,
the max achievable for the leftmost data point in the curve. Device current tends
to increase with decreasing peak X-ray energy due to the increase in frequency of
photoelectric absorption interactions with decreasing photon energy for all materials
contained within the device.
To assess the change in device current with accumulated dose, the current
was measured once per second for 15-20 minutes while bias conditions were held
constant. Different gate voltages were tested to evaluate whether the change in
device current with total dose was dependent on applied gate voltage. The voltage
and current of the X-ray tube were 50 kV and 2 mA for these tests. Drain-source
voltage was 20 V for all tests presented here. A linear curve fit was applied to each
drain current vs time curve that was obtained to determine an average change in
device current with accumulated dose. Note that the results are reported as current
change per second as opposed to current change per dose as the dose rate of the
X-ray tube was not available.
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It was found that the change in drain current with total dose is dependent on
gate voltage. Figure 4-23 shows the change in drain current over time as a
function of gate voltage. Applied gate voltage was swept from −20 V to 20 V in 5 V
steps. Minimum drain current change was experienced when the devices were biased
with a gate voltage of 5 V, likely because this is nearest the typical Dirac voltage of
GNS-FETs which were presented in Chapter 3. Change in drain current with
respect to accumulated dose generally increased when gate voltage was increased or
decreased away from this Dirac voltage. While the maximums on the negative gate
voltage and positive gate voltage sides of the curve are nearly identical for the 17.87
Pb mass % (lowest lead concentration) sample, higher changes in drain current with
accumulated X-ray dose were achieved through biasing the higher lead
concentration samples with negative gate voltages. This is similar to the higher
saturation drain currents achieved on the negative gate voltage side of the transfer
curves for the filtered Ag-GNS devices presented in Chapter 3. Note that more
dramatic changes in drain current with accumulated dose are clearly experienced
with increasing concentration of Pb in the Pb2 O3 -GNS channel. Figure 4-24 shows
the change in drain current over time vs Pb mass % with a gate voltage of −20 V.
The highest concentration Pb device had a response nearly one order of magnitude
greater than that of the lowest concentration device, which, as discussed next, is
identical to the response of devices with no Pb functionalization.
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Figure 4-23: Change in drain current (∆IDS ) over time vs gate voltage (VGS ) for
devices with different Pb mass percentages tested at VDS =20 V. X-ray tube operating
voltage and current were 50 kV and 2 mA.

Figure 4-24: Change in drain current (∆IDS ) over time vs Pb mass percentage for
samples tested at VGS =−20 V and VDS =20 V. X-ray tube operating voltage and
current were 50 kV and 2 mA.
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Samples without lead were tested for comparison. Figure 4-25 shows the
change in drain current over time for the sample with the lowest lead concentration
(17.87 mass %) from Figure 4-23 along with curves for a sample that contained
only Ag-GNS and a sample that contained only SISA-GNS as the the channel
material. The SISA-GNS sample was tested to evaluate the effect of the silver
nanoparticles attached to the GNS because silver (Ag) also has significantly high
mass absorption coefficients in the X-ray frequency spectrum used here. It was
found that the low concentration Pb Ag-GNS, the Ag-GNS, and the SISA-GNS
devices experienced nearly identical changes in drain current over time across the
range of gate voltages tested. This suggests that there is a concentration threshold
that must be met for nanoparticles to begin to affect the total dose response of
these sensors. The low concentration Pb sample performs identically to samples
without lead. The concentration of Ag nanoparticles also does not appear to be
high enough to affect the total dose response, as the Ag-GNS sample performs
similarly to the SISA-GNS sample. The change that is experienced could possibly
just be effects caused by interactions between the X-rays and the GNS themselves,
interactions with the gate oxide, or, most likely, a combination thereof. It is also
possible that there are slight differences between the performance of these samples,
but that the differences are smaller than the margin of uncertainty.
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Figure 4-25: Change in device current over time for the filtered Ag-GNS, SISA
GNS, and the Pb-functionalized GNS-FET with the least Pb content under different
gate biasing conditions. Notice that these curves are nearly identical, suggesting
that the silver nanoparticles decorating the Ag-GNS and the low concentration of Pb
nanoparticles present in these samples do not significantly contribute to the change
in device current.
4.3.2

Pb-Functionalized GNS-FET Gamma-Ray Sensor
Sample devices with varying concentrations of Pb as well as a sample with

no Pb content were characterized with different biasing conditions against gamma
radiation from a Co-60 source using the test setups described in Section 4.2.3. The
dose rate during all tests was approximately 1.3 rad(Si)/s. The prominent studies
performed were designed to assess the change in device current with dose
accumulation and the effect of gate voltage polarity on this change. The first results
presented and discussed, however, were that of the immediate device response upon
exposure to gamma rays from the Co-60 source.
An immediate increase in current was observed in the Pb-functionalized
GNS-FET sensors upon exposure to gamma radiation from the Co-60 source.
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Figure 4-26 shows the trend in the ratio of the peak current in the initial exposure
transient to the unexposed current level vs Pb mass percentage. This trend suggests
that a threshold Pb mass % exists, between 37% and 50%, at which this effect
dramatically takes off. Note that the leftmost data point in this curve represents a
sample with no Pb content. An immediate increase in current was not observed in a
GNS-FET with no Pb included, nor was it observed in the device with the least Pb
mass percentage. Thus, it is clear that this immediate positive transient in current
when the Co-60 source is brought up is due to interactions of the gamma-rays with
the Pb nanoparticles that result in the increase in the quantity and/or the energy of
free electrons such as photoelectric absorption and Compton scattering. Such an
immediate response is very useful for the sensing of gamma radiation. If we assume
that the peak of the transient that occurs when initially exposed scales linearly with
dose rate as was observed in X-ray testing and define a threshold for the exposure to
unexposed current ratio of 1.1 for signaling a detection, the device tested herein
with the highest Pb mass percent would be capable of immediately detecting
gamma radiation with energies of ∼1 MeV at dose rates as low as 23.4 mR/s.
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Figure 4-26: Ratio of the peak current in the initial exposure transient to the
unexposed current level for Pb-functionalized GNS-FET with various Pb mass percentages.
The change in device current with accumulated dose for samples with
different Pb concentrations was evaluated with both positive and negative gate
voltages. When biased with a positive gate voltage, the current through the
Pb-functionalized GNS-FETs increased as gamma dose accumulated. This is likely
due to the collection of generated negative charge at the GNS-oxide interface which
will reduce the effective electric field gating the channel, turning the device more
“on”. When biased with a negative gate voltage, the current through the
Pb-functionalized GNS-FETs decreased as gamma dose accumulated. Similarly, this
is likely due to the collection of generated positive charge at the GNS-oxide interface
which will increase the effective electric field gating the channel, turning the device
more “off”. Under both positive and negative gate voltages, the change in device
current with increased gamma dose became more positive with increasing Pb mass
percentage. Figure 4-27 provides the average change in device current per rad(Si)
normalized to the pre-exposure device current for all samples tested in both the
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positive gate voltage and negative gate voltages studies. Note that the rightmost
data points in each curve are the same sample (47 Pb mass %), and thus both
positive and negative changes in device current with increasing dose was experienced
in the same device by flipping the polarity of the gate voltage. Also notice that the
leftmost data point in the negative VG curve represents a sample with no Pb
content. The device current in this normal GNS-FET fell to zero dramatically from
a starting current of ∼0.66 mA with very little total dose (see Figure 4-28). It is an
interesting result to see that the device degradation actually lessens with increased
Pb mass percentage for the negative gate voltage study. This could possibly be due
to the Pb nanoparticles blocking interactions with the rest of the device and any
electrons produced from the Pb-gamma interactions simply being swept away as
added current by the electric field applied between the drain and source.

Figure 4-27: Ratio of the change in device current to its pre-exposure current for
Pb-functionalized GNS-FET with various Pb mass percentages with positive and
negative gate voltages.
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Figure 4-28: Response of a GNS-FET with no Pb functionalization when subjected
to gamma radiation with a negative gate bias. The device current quickly fell from
∼0.66 mA to zero after a total dose of ∼900 rad(Si).
In order to evaluate the performance of these Pb-functionalized GNS-FETs
as gamma radiation sensors in a setup more representative of an actual use case, the
device current in multiple chips was monitored via an FPGA using the setup
described in 4.2.3. The gate was shorted to the drain for the circuit shown in
Figure 4-21. Figure 4-29 shows the measured voltage over time for the 6.28 Pb
mass % gamma sensor as well as a linear fit of the data. A clear linear increase in
device current was experienced. The transient that occurs at the onset of exposure,
previously discussed, was also captured by the FPGA. The increases in device
current per 1 rad total dose was 6.1 pA. Based on the resolution of the Zybo
development board, it is estimated that this configuration would provide a
sensitivity of approximately 80 rad total dose. This is slightly below the threshold
for onset of acute radiation sickness in humans (100 rads). Both the linear fitting as
well as the detection of the transient that occurs at the onset of exposure can be
calculated / determined onboard the FPGA itself.
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Figure 4-29: Measured and associated linear fit of voltage output vs time of the
6.28 Pb mass % GNS-FET gamma sensor as measured via the ADC on an FPGA.
A clear linear increase in output voltage is experienced over time. The large, fast
transient near the beginning of the signal is the instantaneous response of the sensor
to gamma exposure.
The capability of device recovery was assessed by evaluation of the device
current immediately following irradiation. It was found that the current levels
returned to pre-exposure levels immediately after removal of the source for the total
dose levels evaluated herein. After radiation testing, the change in device current
over time without irradiation was assessed by running the gamma sensors for several
hours without radiation. The linear increase in device current that was observed
during radiation was no longer present. In fact, a linear decrease over time was
observed in the output of the least doped device. Figure 4-30 provides a
comparison of the change in device current during irradiation and during the
recovery test for multiple devices.
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Figure 4-30: Comparison of the sensors’ behavior under radiation and
without radiation exposure. The sensors return to normal operation and
thus the change in device current with respect to accumulated dose that was
observed is both caused by the gamma radiation and is not a lingering effect
after removal of radiation (for the levels of dose tested).
Gd-Functionalized GNS-FET Neutron Sensor

4.3.3

Devices with different concentrations of Gd used to functionalize the GNS
and a device containing no Gd were tested under Cf-252 neutron irradiation to
evaluate their response and sensitivity. One sample was placed behind a piece of
HDPE, used as a moderator, to evaluate the effect of thermal neutrons. Electrical
measurements were taken via the ADC of an FPGA per the test setup description
in Section 4.2.3. Without irradiation, device output was relatively invariant for all
devices.
Figure 4-31 shows the deviation in device current from its steady state as
collected from the 34 Gd mass % sample during exposure to neutrons from a Cf-252
source with a flux of 5.7 neutrons/cm2 /s. This graph is representative of the
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signals obtained from most runs. Note the significant, sharp transients that occur in
the signal. No such transients were observed in these devices without irradiation,
nor were they observed in the device with no Gd content (see Figure 4-32). It is
possible that the unfunctionalized GNS-FET would experience similar transients,
but at probabilities so low that they were not observed in this testing. These large
magnitude transients are undoubtedly due to neutron interactions with the device
and will be henceforth referred to as major events to differentiate them from the
minor events discussed later. Notice that these spikes in current manifested as both
major increases and major decreases which returned back to the normal current
level of the device.

Figure 4-31: Change in device current from its steady state level in the 34 Gd mass
% sample during exposure to spontaneous fission neutron from a Cf-252 source at a
flux of 5.7 neutrons/cm2 /s. Dramatic transients were observed that manifested as
both positive and negative spikes in current.
The positive transients are typical of SEEs experienced in semiconductor
devices from neutrons that are caused by recoil nuclei spawned from collisions.
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These recoil nuclei create an ionized track along their path, and the liberated charge
is quickly driven to the drain/source of the device by the electric field applied across
it [42, 103]. The high energy internal conversion electrons emitted from Gd during
de-excitation of an excited Gd* nucleus after absorption of incident neutrons also
likely play a large role in the charge generation that leads to increases in device
current. These internal conversion electrons have energies ranging from 29 - 246
keV; the most probable energy is 71 keV [105]. More interesting, however, are the
negative transients that were observed. Negative transients such as these were also
observed in CNT-FETs exposed to high energy proton irradiation and were
suggested to be caused by the surface defects on the CNTs being ionized or switched
[42]. Another possible mechanism for these negative transients could possibly be the
creation of defect sites in the graphene lattices of the GNS that temporarily increase
the net resistance of the device channel. Results from experiments performed in this
study in which a portion of the incident neutrons were thermalized, presented
below, support this. Both of these mechanisms would result in momentary increases
in resistance. Notice that the large positive spikes in current are actually preceded
and followed by very small dips in current.
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Figure 4-32: Change in current through the Gd-doped GNS-FET neutron sensors
and an undoped GNS-FET vs time under 1.111 mRem/hr exposure to neutron radiation from a Cf-252 source. Dramatic transients are experienced in the Gd-doped
sensors. No transients were observed in the undoped GNS-FET.
In processing the signals with various filtering techniques, more subtle
interactions surface which would otherwise be difficult to discern from the signal
noise. These events will be referred to as minor events. Figure 4-33 presents
application of a Savitzky-Golay filter to the measured signal from the least doped
sensor and contrasts the result with the original signal. Two more transients with
the same shape as that in the unfiltered signals are now visible. Also visible in the
filtered signal are significant drops in the device current which bear resemblance to
the drops in current experienced around the large positive spikes. These could
potentially represent scattering interactions in which the GNS channel in the FET
sensors takes physical damage but a high energy recoil or an absorption interaction
which results in the emission of a high energy electron does not occur.
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Figure 4-33: Application of noise filtering to the measured signal from the
least doped sensor contrasted to the original signal. Additional, less dramatic
transients referred to herein as minor event emerge from the noise after signal
processing.
In order to verify that these transients were not caused by some other
mechanism that is simply not present in the GNS-FET with no Gd
functionalization, the same sensors were ran without radiation exposure. No
transient of any kind was experienced during these tests. Figure 4-34 present the
signals measured from one sensor both exposed and not exposed to radiation.
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Figure 4-34: Comparison of the deviation in device current from its steady
state level for the same Gd-functionalized GNS-FET neutron sensor with and
without exposure to neutron radiation. No transients were observed without
radiation exposure, confirming that the large spikes in current observed during exposure were indeed caused by neutron interactions.
In order to better communicate the probability of a neutron-induced event to
occur, neutron event cross-sections are typically developed and reported. A neutron
event cross-section describes the probability of an event occurring per unit of
neutron fluence. As neutron fluence has units of neutrons/cm2 , neutron cross
sections are typically reported in units of cm2 . This is where the term “cross
section” originates. Higher cross sections indicate a higher probability for the event
to occur, and lower cross sections indicate lower probability for the event to occur.
The average fluence required for a particular event to occur can be determined by
taking the inverse of the event cross section.
A total of four Gd-functionalized samples were tested. All samples were
loaded with different concentrations of Gd. The two lower concentration samples
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had channel lengths of 200 µm, and the two higher concentration samples had
channel lengths of 100 µm. Figure 4-35 shows the major event (large current spike)
cross sections for the four samples tested. The major event cross sections were
found to consistently increase (more interactions per unit fluence) with increasing
concentrations of Gd. The sample with the highest concentration of Gd (47 mass
%) has a major event cross section of 6.8 × 10−8 cm2 . This translates to expecting,
on average, one large spike in device current to occur with every
1.46 × 107 neutrons/cm2 of fluence. As it is expected that the interaction probability
will increase with increasing channel area, the major cross sections were normalized
per unit channel area to better compare the effects of Gd concentration.
Figure 4-36 provides the major event cross section per unit channel area for the
four samples tested. As can be seen, the major event cross section increases
exponentially with increasing Gd concentration over the range of concentrations
evaluated. These channel area normalized cross sections allow for consideration of
the sensitivities that might be achieved when scaling the Gd-functionalized
GNS-FET neutron sensors up in size.
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Figure 4-35: Measured major event cross sections for the Gd-functionalized GNSFET neutron sensors tested.

Figure 4-36: Major event cross section per unit channel area for the Gdfunctionalized GNS-FET neutron sensors with varying Gd mass percentages.
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With the active area of these devices being only 0.07 mm2 and 0.14 mm2 for
the 100 µm and 200 µm channel length devices, respectively, these neutron sensing
devices are extraordinarily tiny. The normalized cross sections can be used to
predict the sensitivity of a device for a given active (channel) area. Figure 4-37
shows how the major event cross section would scale with increased channel area.
This assumes that the cross section scales linearly with active area. More testing is
required to validate this assumption. In considering the curve for the 47 Gd Mass %
device, it is expected that a GNS-FET neutron sensor with the same concentration
of Gd and a channel area of 1 mm2 would have a major event cross section of
1.1 × 10−7 cm2 , corresponding to expecting one large spike in current every
9.0 × 106 neutrons/cm2 of fluence. A 1 cm2 device would have a major event cross
section of 1.1 × 10−5 cm2 , corresponding to expecting one large current spike with
every 9.0 × 104 neutrons/cm2 of fluence. Scaling the active area of the device may
affect its basic electronic behavior and limit the ability to effectively reach these
sizes.

Figure 4-37: Expected major event cross sections for the Gd-functionalized GNSFET neutron sensors when scaling the channel (active) area.
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The effect of an increased amount of thermal neutrons on the response of the
sensor was assessed by studying the response of the 34 Gd mass % sample when
placed behind a HDPE shield. The HDPE shield was only 0.25 in thick, and thus
only down-converted a small fraction of the incident fast neutrons. Based on data
presented on the transmission of fast neutrons from an americium–beryllium
(AmBe) source through various thicknesses of HDPE [106], it is estimated that
approximately 5-10% of the incident fast neutrons from the Cf-252 source used
herein were effectively down-converted to thermal neutrons. Nevertheless,
observable changes in the sensor response were noted. Figure 4-38 shows the
major, minor, and total event cross sections measured for the same sample with and
without moderation from the HDPE shield. Increases were observed in both the
major and minor event cross sections and thus in the total event cross section as
well. The increase in major event cross section was larger than 1.8x, while the
increase in minor event cross section was only slight. These increases in cross
sections are likely due to the increased probability of interaction between the
neutrons and the sensor with decreased neutron energy. This increase in interaction
probability occurs because Gd has a much larger cross section for thermal neutrons
(refer again to Figure 4-3).
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Figure 4-38: Comparison of major event, minor event, and total event cross sections
measured in the 34 Gd mass % sample with and without placement of an HDPE
moderator between the source and the sensor.
Another major difference between the sensor response when using the HDPE
is the lack of very large positive spikes and the increase in both frequency and
magnitude of the negative spikes. Figure 4-39 shows the current through the 34
Gd mass % sample during one of the exposures in which the sensor was placed
behind the HDPE moderator. This is likely due to the large positive current spikes
being caused by high energy recoils which generate charge along their path [103].
High energy recoils become less probable when reducing the energy of a portion of
the neutrons incident on the sensor. See equation 4.9 for the relation between
incident neutron energy and maximum recoil nucleus energy. The increase in both
frequency and magnitude of the negative current spikes is likely caused by the
thermal neutrons having a higher probability to create defects in the GNS lattice
and those interaction sites becoming larger with the increased time spent in

133
traversing the lattice [107]. No permanent degradation in device performance was
observed from the creation of these defect sites.

Figure 4-39: Deviation in current from the steady state level measured in the 34
Gd mass % sample when placed behind an HDPE moderator.
4.4

Summary

Through functionalizing GNS-FETs with nanoparticles known to have high
interaction probabilities with radiation, sensors for the detection of X-ray, gamma,
and neutron radiation were developed. These sensors are inexpensive to manufacture
and scalable in production. They operate at remarkably low power levels: from tens
of nanowatts to several microwatts in their steady state. These devices offer
remarkably low footprints as compared to traditional radiation sensing technologies.
Devices tested herein were ∼21 mm2 with most of the area being used for the
electrical contacts; the active area was only 0.07 mm2 . Despite being so small in size,
the sensors presented here were shown to have remarkably low detection thresholds.
The Pb-functionalized gamma sensor is capable of immediately detecting gamma
radiation at dose rates as low as 23.4 mR/s and able to detect a total accumulated
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dose of 80 rad. The Gd-functionalized neutron sensor was shown to be able to signal
the presence of neutrons at an average fluence of 1.5 × 107 neutrons/cm2 , which can
potentially be reduced to fluences of 9 × 106 neutrons/cm2 and 9 × 104 neutrons/cm2
by scaling the active area to 1 mm2 and 1 cm2 , respectively.

CHAPTER 5
CONCLUSIONS AND FUTURE WORK

5.1

Conclusions

In this work, some of the first experimental investigations into graphene
nanoscrolls were presented. The graphene flake to nanoscroll conversion efficiency of
graphene nanoscroll synthesis methods that have recently emerged in literature were
explored. Three techniques that offer relatively high conversion efficiencies,
ultrasonication, solvent-induced self-assembly, and the silver-assisted method, were
further investigated for their scalability. It was found that ultrasonication produces
graphene nanoscrolls with a moderate conversion efficiency and is capable of scaling
to throughputs on the order of tens of milligrams per process run. The
solvent-induced self-assembly technique was found to produce wider, spindle shaped
graphene nanoscrolls with a high conversion efficiency. Scaling of the
solvent-induced self-assembly technique, however, did not yield good results, and the
throughput of a single process run only produces about 1 µg of graphene nanoscrolls.
The silver-assisted method provides both high conversion efficiencies and high
throughput. Graphene nanoscrolls can be produced through this technique with a
per run throughput on the order of several grams. This high conversion efficiency
and throughput makes the exploration of device applications more feasible.
These preferred synthesis techniques were used to create back-gated
field-effect transistors that utilize graphene nanoscrolls as the channel material.
Extraordinarily high current densities of 2.8 · 106 A/cm2 were presented, and it was
shown that carrier mobilities exceeding the theoretical limit of intrinsic diffusive
135
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mobility in high quality graphene were attainable with densities of graphene
nanoscrolls in the channel exceeding a measured and presented threshold. This
suggests that ballistic transport is occurring at room temperature in these relatively
long, 100 µm channel devices. The graphene nanoscroll field-effect transistors were
observed to have poor on/off ratios, which is typical of carbon-based electronics and
limits their application to digital logic applications. However, the extraordinary
sensitivity to external stimuli exhibited by these devices make them ideal for sensing
applications.
The field effect transistors were further extended to the application of
radiation sensors by functionalizing the graphene nanoscroll channel material with
nanoparticles with high radiation interaction probabilities. The developed radiation
sensors are shown to be capable of detecting low levels of X-ray, gamma, and
neutron radiation with very small footprints and negligible power consumption. The
Pb-functionalized gamma sensor is capable of immediately detecting gamma
radiation at dose rates as low as 23.4 mR/s and able to detect a total accumulated
dose of 80 rad. The Gd-functionalized neutron sensor was shown to be able to signal
the presence of neutrons at an average fluence of 1.5 × 107 neutrons/cm2 , which can
potentially be reduced to fluences of 9 × 106 neutrons/cm2 and 9 × 104 neutrons/cm2
by scaling the active area to 1 mm2 and 1 cm2 , respectively. These devices are
scalable and inexpensive to produce and could possibly serve as first-alert devices in
a variety of defense and space applications.
5.2

Future Work

There are many avenues left to be explored in continuation of the work
presented herein. The following is a discussion of studies that beg to be performed
and the value they might provide.
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5.2.1

GNS-FETs
There are endless areas for exploration in regards to the application of GNS

as the channel material in FETs. These studies should begin with more
material-centric topics. One interesting avenue is the effects that the size of the
GNS have on device behavior. Proper characterization of the effects of GNS width,
thickness, and length should be performed. Studies on the behavior of devices made
with varying quality of GNS, in terms of the number of lattice defects, should also
be investigated. It would also be interesting to explore various dopants and doping
concentrations.
Aside from minor variations in the channel widths and gate-oxide
thicknesses, the role that the physical design of the FET plays was largely left
unexplored here. Potential studies might involve exploring device performance over
a wide range of gate-oxide thicknesses and channel dimensions. Using oxides other
than silicon-dioxide would also provide valuable information. A survey of the
performance of devices with different gate designs, such as top-gates and
double-gates, should be conducted. It is likely that the answer to improving on
some of the less promising device characteristics, such as the poor Ion /Iof f ratios
discussed in Chapter 3, lies within these studies.
The GNS-FETs developed herein were only applied to sensing applications.
With greater specificity, only radiation sensors were explored, and many other
sensing applications (e.g. chemical, biomedical, etc.) exist for which GNS-FETs
may possibly be well-suited. But, GNS-FETs should also be investigated for other
possible applications. Many researchers maintain that carbon nanoelectronics will
eventually displace traditional silicon transistor technology. Investigation into the
performance of GNS-FETs as switching devices for digital logic applications must be
performed. This would likely require dramatic redesigns of the basic transistor
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structure employed in this work, as the thick gate oxides and back-gated layout used
in development of the GNS-FET-based sensors are non-ideal for switching devices.
The high current densities observed in the GNS-FETs, presented in Section
3.4.1, and the excellent thermal properties of carbon-based nanomaterials, discussed
in Chapter 1, suggest that GNS-FETs may be an ideal candidate for power
applications. Traditional power MOSFETs are large and bulky. GNS-FETs could
possibly provide a solution for the realization of small form-factor power FETs.
Investigations into this application wold certainly be worthwhile.
5.2.2

GNS-FET-Based Radiation Sensors
An exploration of using other materials for functionalization should be

conducted in order to determine which provides the best sensitivity. In this effort,
only gadolinium-oxide nanoparticles were used to functionalize the GNS to create
neutron sensors. Similarly, only lead-oxide nanoparticles were used to functionalize
the GNS to create gamma / X-ray sensors. Boron, which also offers high interaction
probabilities with neutrons, should be the first candidate tested as a
functionalization material for the neutron sensors. Tungsten, which is also
commonly employed for gamma and X-ray absorption, is a promising candidate for
functionalizing the GNS for the creation of the gamma / X-ray sensors. It is likely
that tungsten functionalization would result in devices that would be easier to
commercialize, as lead-containing products are often banned due to the notorious
toxicity of lead.
The effect variations on the physical design of the sensors have on their
performance is also an important area requiring investigation. For example, the
thickness of the oxide layer likely plays a significant role in the behavior of the
gamma / X-ray sensor. Silicon dioxide layers are very vulnerable to effects from
high energy photons. It would be interesting to see how devices with different gate
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designs perform. Only back-gated devices were fabricated and explored in this work.
Top-gated devices may perform differently.
Scaling studies should be performed for both the gamma / X-ray sensors and
the neutron sensors. The predictions on the sensitivities that could possibly be
achieved in scaling the active area of the sensors, presented in Chapter 4, require
experimental verification. It will be important to characterize the effect scaling
these devices have on their basic electrical properties. It is likely that scaling the
active areas will result in larger power consumption, as increasing the widths of
FETs results in higher currents. The channel width and lengths that will maximize
sensitivity while keeping electrical performance in a desirable range should be
determined. It is likely that the scaling factors for the channel length and width will
not be the same. Pre-existing computational modeling frameworks such as
Technology Computer-Aided Design (TCAD), the Monte Carlo Radiative Energy
Deposition (MRED) code, and the Monte Carlo N-Particle (MCNP) code could be
used for predicting these values and significantly reducing the number of
experiments required for verification.
Lastly, after an optimal design has been determined, high dose
characterization of these sensors should be performed. In this work, no permanent
radiation damage was observed in the operation of the sensors. However, the total
X-ray and gamma-ray doses as well as the total neutron fluences that the devices
were subjected to were relatively low. The gamma / X-ray sensors should be
subjected to many Mrads of total dose from both X-rays and gamma-rays in order
to properly characterize performance degradation. Similarly, the neutron sensors
should be subjected to fluences many orders of magnitude higher than that reached
in this work in order to investigate whether the generated defect sites discussed in
Section 4.3.3 will lead to permanent damage.

APPENDIX A
GNS MEMRISTORS
In 1971, Leon Chua proposed the memristor, a two-terminal device he
introduced as the fourth basic circuit element. Chua suggested that because the
three traditional two-terminal circuit elements (i.e. resistors, inductors, and
capacitors) are defined in terms of a relationship between two of the four
fundamental circuit variables (i.e. current, voltage, charge, and flux-linkage), there
must be a fourth fundamental two-terminal circuit element to complete the picture.
The resistor is defined by a relationship between voltage (v) and current (i). The
inductor is defined by a relationship between flux-linkage (ϕ) and current (i). The
capacitor is defined by a relationship between charge (q) and voltage (v). There was
no fundamental device that linked flux-linkage (ϕ) and charge (q). So, Chua
presented a device that was characterized by a ϕ-q relation. He showed that this
device behaved like a nonlinear resistor with memory, and thus named it the
“memristor”, which is a contraction for “memory resistor”. At the time, the means to
create a physical memristor as the passive element (not adding power to the circuit)
that it was proposed to be did not exist [108]. Advancements in nanotechnology
over the past decade has allowed for two-terminal passive devices to be designed and
fabricated that indeed exhibit the behavior that Chua defined as memristive.
While there has been quite a bit of debate in the literature over the years as
to what constitutes an actual memristor, Chua weighed in stating that “all
two-terminal non-volatile memory devices based on resistance switching are
memristors, regardless of the device material and physical operating mechanisms”.
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In fact, memristors are not actually limited to any specific material of even physical
mechanism. They are simply devices that exhibit a distinct pinched hysteresis loop
in their current-voltage (i-v) relation whose contour changes with both changes in
the amplitude and frequency of sinusoidal current or voltage inputs. Figure A-1
displays an idealistic I-V curve for a memristor. Indeed, such pinched hysteresis
loops have been presented as the i-v behavior of devices of a broad variety [109].

Figure A-1: Idealistic I-V characteristics of a memristor.

Figure A-2: Memristor circuit symbol.
A.1

Memristor Circuit Theory

A memristor, whose adopted circuit symbol is shown in Figure A-2, is a
two-terminal circuit element that is characterized by a constitutive relation between
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the time integral of the memristor’s current i(t) and voltage v(t):
Z

t

q(t) ≜

i(τ )dτ

(A.1)

v(τ )dτ

(A.2)

−∞
Z t

ϕ(t) ≜
−∞

The variable q and ϕ are typically used for the time integrals of the memristor’s
current and voltage and are referred to as “charge” and “flux”, respectively. However,
this is moreso due to the units involved in each respective equation. These variables
need not actually have any physical interpretation and can simply be considered
mathematical constructs. Memristors are subdivided into two categories: it is
considered to be charge-controlled if its constitutive relation can be expressed by

ϕ = ϕ̂(q),

(A.3)

and it is considered to be flux-controlled if its constitutive relation can be expressed
by
q = q̂(ϕ).

(A.4)

Both ϕ̂(q) and q̂(ϕ) must be continuous and piecewise-differentiable functions with
bounded slopes. Memristance is defined by differentiating equation A.3 with respect
to time:
v=

dϕ
dϕ̂(q) dq
=
= R(q)i.
dt
dq dt

(A.5)

The first derivative in the expansion is defined as the memristance at charge q and
is denoted as R(q) because it has units of ohms:

R(q) ≜

dϕ̂(q)
dq

(A.6)
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Similarly, differentiating equation A.4 with respect to time yields

i=

dq
dq̂(ϕ) dϕ
=
= G(ϕ)v.
dt
dϕ dt

(A.7)

Here, the first derivative in the expansion is defined as the memductance at flux ϕ
and is denoted as G(ϕ) as it has units of siemens:

G(ϕ) ≜

A.2

dq̂(ϕ)
dϕ

(A.8)

A Similarly Designed CNT-Memristor Presented in Literature
Researchers have shown that a memristor can be realized based on CNTs

decorated with gold nanoislands. The gold nanoisland-functionalized CNTs were
fabricated by sputtering gold onto commercial MWCNTs. These gold decorated
MWCNTs were then deposited onto interdigitated electrodes to create the memristor
devices. Hysteretic behavior was observed in these devices, and the investigators
claim that the underlying mechanism of operation is thermionic emission for
electrons trapped in the gold nanoislands. They observed a strong temperature
dependence in the characteristics of the memristor. At room temperature, the ratio
Rof f /Ron for their device was only 2, but this ratio increased to 500 when heating
the device to 70 ◦ C. They found that there was also a strong dependence of the
hysteresis shape on the range of applied voltages. The claim that thermionic
emission is the underlying mechanism is explained by the contribution of two types
of electrons constituting the net current. Electrons from the semiconducting CNTs
dominate conduction at lower temperatures, resulting in smaller currents. The
temperature of the gold nanoislands will increase much faster than the CNTs when
sweeping the voltage in an increasing direction as the metal has a much higher
thermal conductivity. When the voltage is the swept in a decreasing direction,
electrons trapped in the gold nanoislands are able to reach the CNT and participate
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in conduction through thermoelectric emission, leading to higher device currents.
The temperature dependence is explained to be a result of a greater number of
electrons from the ground / lower energy levels in the gold nanoislands being able to
begin to participate in conduction at 70 ◦ C and any changes in local temperatures
producing dramatic differences in the thermionic emission of the differently sized
gold nanoislands and thus in the shape of the hysteresis curve [110].
A.3

Device Fabrication

Devices were fabricated by patterning gold interdigitated electrodes onto
8 mm x 8 mm quartz substrates. Larger devices had interdigitated electrodes that
took up the majority of the quartz substrate. Smaller devices had interdigitated
electrodes that took up approximately one-third of the quartz substrate. GNS was
drop cast onto the interdigitated electrodes. Both GNS fabricated through the
silver-assisted method (without the second-order filtration) and GNS fabricated
through the SISA method were used to create devices. Figure A-3 provides a
diagram that depicts the design and fabrication of the GNS-memristors created.

Figure A-3: Diagram depicting the design of the GNS-memristor developed herein.
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A.4

Device Testing

Devices were characterized with a Keithley sourcemeter that was controlled
via custom MATLAB programs that communicated to the electrical test equipment
via the SCPI protocol, similar to the setup used for FET characterization described
in Section 3.2. Figure A-4 is a photograph of a large-footprint GNS-memristor
under test.

Figure A-4: Photograph of GNS-memristor under test.
A.5

Results and Discussion

Memristors made from GNS synthesized via the silver-assisted method with
both large (approximately 4 mm x 6 mm) and small (approximately 2 mm x 6 mm)
footprints (area of the interdigitated electrodes, including pads) were tested. The
conduction mechanisms in the Ag-GNS device were investigated. In order to
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evaluate the influence of the silver nanoparticles on device properties, memristors
made from GNS synthesized via the SISA method were also characterized.
Retention analysis was performed in order to evaluate the consistency of resistance
in the high and low resistive states through many switching events.
Figure A-5 shows the I-V characteristics obtained for a large-footprint
Ag-GNS Memristor. The device exhibits abrupt switching behavior. During the
forward voltage sweep, the current through the device is near zero then quickly
begins to ramp up at a voltage of 5 V. During the reverse voltage sweep, the current
becomes constant for a time before falling back to zero, again abruptly. The device
does not exhibit hysteresis on both sides of the zero axis. This is atypical for
memristors. Instead, the reverse sweep oscillates around the level of the forward
sweep. This suggests that the major mechanism of the device is related to the
movement of metal ions [111]. It appears that the major mechanism of this device is
the movement of the silver ions. This device drew relatively large currents which
were approximately 7 mA in the “on” state. Such large power draw (∼35 mW) is
certainly too high for this particular device to be used in memory applications.
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Figure A-5: I-V characteristics of a memristor made with GNS synthesized through
the silver-assisted method, highlighting various characteristics.
The conduction mechanisms were investigated for the device whose I-V
characteristics are displayed in Figure A-5. This investigation involves looking for
linear regions in various relations between the current and voltage [112].
Figure A-6 outlines the results of this analysis. The regions in which each observed
conduction mechanism played a role are also outlined directly on the I-V
characteristics in Figure A-5. During the onset of the abrupt switching from the
high resistive state to the low resistive state, both Schottky emission and
Poole-Frenkel conduction occur. This is followed by a small region in which only
Poole-Frenkel conduction was observed. During the abrupt switching that occurs
from the low resistive state to the high resistive state, simultaneous Schottky
emission and Poole-Frenkel conduction occur first. This is followed by a small region
of Ohmic conduction as the current and voltage both near zero.
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Figure A-6: Results of investigation into conduction mechanisms in the low resistive
and high resistive states of the GNS-memristor.
Figure A-7 displays the I-V characteristics obtained for a large-footprint
memristor made from GNS synthesized via the SISA technique. As these GNS are
not doped / decorated with silver nanoparticles, these experiments served to
confirm that the silver nanoparticles were greatly attributed to the behavior of the
device presented above. The hysteretic behavior observed was very symmetrical
about V = 0, confirming this hypothesis. Also notable is the significantly lower
current experienced in the device. The higher current observed with the Ag-GNS
memristor were likely largely influenced by the presence of the silver nanoparticles,
similar to the FETs presented in Chapter 3.
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Figure A-7: I-V characteristics of a memristor made with GNS synthesized through
the SISA technique.
A smaller footprint memristor was fabricated from GNS synthesized via the
silver-assisted method in order to obtain levels of current that would be more ideal
for practical use. Figure A-8 shows the I-V characteristics of this device.
Immediately apparent is that this device exhibited much more symmetrical
hysteresis behavior than that observed in the larger footprint device. It is likely that
due to the lower concentration of GNS used here, the silver nanoparticles play less
of a role. Also noteworthy is the increased switching voltage, which also suggests
that the silver nanoparticles are having less effect on the device behavior here. As
discussed previously in Chapter 3, plasmonic nanoparticles have been shown to shift
the threshold voltage in CNT-based electronics nearer to zero. The current in this
device is indeed lower, on the order of a few microamperes in the low resistive state.

150

Figure A-8: I-V characteristics of a smaller footprint memristor made with GNS
synthesized through the silver-assisted method.
Retention analysis was performed on the smaller footprint memristor
fabricated from GNS synthesized via the silver-assisted method. Here, a resistance
measurement is taken at V = 0, the device is switched to the low resistive state,
another resistance measurement is taken, and then device is then switched back to
the high resistive state. This cycle is repeated many times to assess the consistency
of the device resistance in both states. Figure A-9 shows the results from this test.
The device exhibited excellent consistency over 2500 cycles. The mean resistance in
the high resistive state was found to be 2.8 × 109 Ω, and the mean resistance in the
low resistive state was found to be 2.2 × 105 Ω. This gives an exceptional Rof f /Ron
ratio of 1.3 × 104 .
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Figure A-9: Retention analysis on the smaller footprint memristor fabricated from
GNS synthesized via the silver-assisted method with Von =10 V.
In order to show that this device can be operated at low voltages in order to
attain low power consumption levels, retention testing was also performed using
Von = 0.1 V. Figure A-10 shows the results from this testing. Even with this low
operating voltage, an excellent Rof f /Ron ratio of 8.1 × 103 is still achieved. The
power consumed in the on state here is only 12.4 nW.
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Figure A-10: Retention analysis on the smaller footprint memristor fabricated from
GNS synthesized via the silver-assisted method with Von = 0.1 V.
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